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Design of Lectin Mimetics
Monika Mazik*[a]


The molecular recognition of carbohy-
drates by proteins mediates a variety of
essential biological processes. The most
intensively studied class of carbohydrate-
binding proteins are lectins, which are
widely found in nature including in
plants, animals, viruses, and bacteria. As
pointed out by Lis and Sharon “lectins
bind mono- and oligosaccharides reversi-
bly and with high specificity, but are
devoid of catalytic activity, and in con-
trast to antibodies, are not products of
an immune response”.[1a] Lectins act as
recognition determinants in diverse bio-
logical processes, such as clearance of
glycoproteins from the circulatory
system, adhesion of infectious agents to
host cells and recruitment of leukocytes
to inflammatory sites, as well as cell in-
teractions in the immune system, in ma-
lignancy and metastasis.[1a,b] They play a
key role in the control of various normal
and pathological processes in living or-
ganisms. Some relatively well-character-
ized lectins are those utilized by patho-
gens as a means of attachment to eu-
karyotic cell surfaces. Examples of lectins
involved in this process include the he-
magglutinins of influenza and other vi-
ruses (see Scheme 1D and E) as well as
the toxins produced by Gram-negative
bacteria.[2a] The affinity of lectins for
monosaccharides is usually weak, with
association constants in the millimolar
range.[1a,3] However, creating extended
binding regions capable of interacting
with more than just a single monosac-
charide residue of an oligosaccharide
and/or clustering of several identical
binding sites by formation of protein
oligomers results in high affinities for oli-
gosaccharides.[1a,b,2] Calorimetric studies
revealed that protein–carbohydrate in-


teractions are enthalpy driven, and, in
almost all cases, the enthalpy of binding
is more negative than, or equal to, the
free energy of binding.[3a] The calorimet-
ric data also showed strong linear en-
thalpy–entropy compensation.[3a,b]


Despite the important roles that pro-
tein–carbohydrate interactions play in a
wide range of biological recognition pro-
cesses, the molecular details of these
recognition events are generally not well
understood. The structural basis for se-
lective sugar recognition by lectins has
been investigated by X-ray crystallogra-
phy. According to the results of the X-
ray analyses, the biological recognition
processes involving neutral sugars use


hydrogen-bonding (both neutral and
charge-reinforced; see Scheme 1A–C), in-
teractions of sugar CHs with aromatic
residues of the protein (often one or two
aromatic residues stack on the sugar
ring), oxygen–metal ion coordination,
and van der Waals forces for sugar bind-
ing.[1a,b, 2] Furthermore, ion pairing and
ionic hydrogen-bonding are frequently
observed in the complexation of pro-
teins with ionic sugars (see Scheme 1D–
F), such as with N-acetylneuraminic acid
(NeuAc), which is the most commonly
occurring sialic acid. Quiocho et al. point-
ed out that “hydrogen bonds are the
main factors in conferring specificity and
affinity to protein–carbohydrate interac-
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Scheme 1. Examples of hydrogen bonds in the complexes of A) Galanthus nivalis lectin with mannose,
B) concanavalin A with Mana6ACHTUNGTRENNUNG(Mana3)Man, C) peanut agglutinin with Gal ACHTUNGTRENNUNG(b1-3)GalNAc, D), E) rhesus ro-
tavirus hemagglutinin with 2-a-O-methyl N-acetylneuraminic, and F), G) polyoma virus with NeuAc ACHTUNGTRENNUNG(a2-
3)Galb4Glc (sugar units are shown in grey).[1a,b] Tyr A97, Asn A93 and Gln A89 are the contact residues
in the combining site of subdomain 1 of the lectin.
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tions”.[2b] The hydrogen bonds have both
neutral and ionic character, and are both
direct and water-mediated (see
Scheme 1). The sugar OH groups usually
participate in cooperative hydrogen
bonds simultaneously as donors and ac-
ceptors. Carboxylate side chains play a
role in anomeric- and epimeric-specific
sugar recognition. Divalent cations, such
as Ca2+ and Mn2+ , are involved in carbo-
hydrate recognition either indirectly, by
shaping the combining site, or through
direct binding to the carbohydrate (as in
the C-type lectins, which require Ca2+


for activity).
It should be noted that the driving


force for carbohydrate binding by lectins
is still uncertain. In particular, the role of
water in natural carbohydrate recogni-
tion is a controversial issue.[4a] (For dis-
cussions on the role of solvent reorgani-
zation in molecular recognition of carbo-
hydrates, see refs. [3b, 4a,b].)
On the one hand, the protein–carbo-


hydrate interactions inspire the develop-
ment of artificial receptor structures for
the recognition of carbohydrates.[5–7] On
the other hand, artificial carbohydrate re-
ceptors operating through noncovalent
interactions provide valuable model sys-
tems for studying the basic molecular
features of carbohydrate recognition. Ad-
vances in this area are likely not only to
provide insight into the molecular recog-
nition phenomenon, but also to facilitate
the development of new therapeutic
agents or chemosensors.
Because of subtle variations in the


sugar structures and the three-dimen-
sional arrangement of their functionality,
the design of selective and effective bio-
mimetic receptors for these ubiquitous
and important biomolecules still repre-
sents a significant challenge. In particu-
lar, recognition in aqueous media
through noncovalent interactions, in
which solvent molecules compete signifi-
cantly for the receptor binding sites, is a
challenging goal of artificial receptor
chemistry. It should be noted that neu-
tral carbohydrates are especially chal-
lenging substrates to recognize.[8]


A recent interesting development
from the group of Davis is the tetracyclic
receptor 2,[9] which was inspired by car-
bohydrate-binding proteins and repre-
sents an extended version of the biphen-


yl-based tricyclic polyamide receptor 1
(Scheme 2).[6j, 10] The architectures 1 and
2 were designed to provide both apolar
and polar contacts to a mono- or disac-
charide molecule, respectively, to mimic
the interactions in protein–carbohydrate
complexes.
The tricyclic core 1 was specifically tar-


geted at b-glucosyl derivatives 3. It was
supposed that the axial hydrogens in 3
would participate in CH–p interactions
with the biphenyl groups, while the
equatorial substituents would form hy-
drogen bonds to the isophthalamide
units. Accordingly, 1 a showed high affin-


ity for 3 b but was less effective for the
octyl a-d-glucopyranoside or b-d-galac-
topyranoside.[10] The authors have shown
that, in the form 1 b, the tricyclic cage 1
can bind carbohydrates in water with
low affinities (the binding constant for
1 b·3 c was found to be 32m


�1), but sig-
nificant selectivities.[6j] The designed
preference for b-glucosyl, which was
ACHTUNGTRENNUNGpreviously demonstrated in organic
ACHTUNGTRENNUNGsolvents,[10] is retained in the aqueous
medium.
The meta-terphenyl-based tetracyclic


receptor 2[9] was developed to target all-
equatorial disaccharides, such as cello-


Scheme 2. Structures of receptors 1 a, 1 b, and 2. Colour code for 2 : meta-terphenyl units, blue; iso-
phthalamide units, red and magenta; water-solubilizing tricarboxylate units, green. Adapted from
ref. [9] with permission. Copyright 2007, American Association for the Advancement of Science.
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biose.[11] The binding properties of recep-
tor 2 were investigated by nuclear mag-
netic resonance, fluorescence spectros-
copy, induced circular dichroism, and cal-
orimetry in D2O or H2O. The receptor
showed good affinities (for example, b-
cellobioside 4 b was bound with Ka~
900m


�1) and remarkable selectivities for
its chosen substrate in the aqueous solu-
tions. It should be noted that the Ka
value for 2·4 b (approaching 103m


�1) is
comparable to that for many lectin–car-
bohydrate interactions (see above). To
assess its selectivity, receptor 2 was
tested against ten disaccharides and
three monosaccharides; the selectivity
for cellobiose versus nontarget disac-
charides was generally ~50:1. Interest-
ingly, the cellobiose complex (2·4 a) was
formed nearly exclusively in the pres-
ence of an 18-fold excess of nontarget
carbohydrate; thus, like in natural lectin,
receptor 2 is able to bind its target from
a complex mixture of potential sub-
strates. Calorimetric studies showed that
complex formation between 2 and 4 a is
mainly enthalpically driven, and the bal-
ance between enthalpy and entropy lies
within the range observed for lectins,
thus supporting a lectin-like binding
mode.
The binding studies with receptor 2


showed that affinities, selectivities and
thermodynamic parameters all lie within
the spread of values observed for lectins;
thus, as mentioned by the authors, re-
ceptor 2 can be seen as a “synthetic
lectin analogue”.[9] Receptor 2 provides a
valuable model system for studying the
underlying principles of carbohydrate-
based molecular recognition processes.
It should be noted that many ques-


tions remain open concerning the contri-
bution of individual bonding interactions
to selective carbohydrate recognition,
the role of apolar association and the
character of carbohydrate–aromatic in-
teractions.[12,13]


The design of “lectin mimetics” is an
important and exciting field of supra-
molecular and biomimetic chemistry. The
ubiquity of lectin–carbohydrate interac-
tions opens enormous potential for the
exploitation of lectin mimetics in medi-
cine. Such synthetic systems could be


used to prevent and treat bacterial and
viral infections, inflammations and per-
haps even cancer.[1c] In addition, carbo-
hydrate receptors could be used to sepa-
rate carbohydrates or glycoconjugates,
or as saccharide sensors. Further work is
needed to develop both effective and
selective biomimetic carbohydrate recep-
tors, and to establish the potential of
these systems in medicine, analytical
chemistry and other areas. A lot of prob-
lems have not yet be solved and will
doubtless be the subject of many rich
and innovative studies in the future.


Keywords: carbohydrate-binding
proteins · carbohydrates · molecular
recognition · receptors · supramolecular
chemistry
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Synthetic Strategy of Nonreducing Iterative Polyketide Synthases and the
Origin of the Classical “Starter-Unit Effect”


Jason M. Crawford,[a] Anna L. Vagstad,[a] Karen P. Whitworth,[a] Kenneth C. Ehrlich,[b] and Craig A. Townsend*[a]


Polyketides isolated from fungi are typically derived from “iter-
ative” type I (multidomainal) polyketide synthases (PKSs), in
which individual catalytic domains are fused into single large
proteins, and reused a fixed number of times in the “program-
med” synthesis of a given product.[1, 2] The best known exam-
ples of iterative type I enzymes are the yeast and animal fatty
acid synthases (FASs).[3] Animal fatty acid biosynthesis is initiat-
ed by acetyl-CoA, which is brought onto the enzyme by a bi-
functional acyl transferase, malonyl-CoA:acyl-carrier protein
(ACP) transacylase (MAT), which primarily shuttles units of ma-
lonyl-CoA for each successive two-carbon homologation that
leads to palmitate.[4] On the other hand, in fungi an a6b6 het-
ACHTUNGTRENNUNGerododecameric FAS complex harbors a specific acetyl trans-
ACHTUNGTRENNUNGacylase for starter-unit introduction.[5] In classical precursor in-
corporation experiments with fatty acids and fungal natural
products it was commonly observed that an acetate starter
unit would bear a higher specific incorporation of radiolabel
from [14C]-acetate than the rest of the labeled sites in the mol-
ecule, in keeping with the intermediary conversion of acetyl-
CoA to malonyl-CoA for each chain extension.[6] Conversely, if
the complementary incorporation of [14C]-malonate were ex-
amined, the starter carbons would often be distinguishably
less labeled than the remaining portions of the polyketide me-
tabolite. This general pattern came to be known as the “start-
er-unit effect”.[7]


Application of the Udwary–Merski algorithm (UMA) to select
interdomainal cut sites in PksA (GenBank accession
no. AY371490) the iterative type I PKS central to the biosynthe-
sis of the mycotoxin aflatoxin, revealed two previously unrec-
ognized, but clearly resolved domains.[8] The large N-terminal
domain was recently established to be a starter unit :ACP trans-
acylase (SAT) that selectively introduced hexanoyl starter units
onto the PksA ACP to prime norsolorinic acid (1) biosynthe-
sis.[9] Search of genome databases revealed that SAT domains
were widespread among known and apparent nonreducing
fungal PKSs. PksA is unusual among fungal PKSs in that the
rare hexanoyl starter unit is supplied by a dedicated yeast-like
pair of FAS subunits, HexA and HexB.[10,11] The vast majority of
fungal polyketides, however, are synthesized from acetyl-CoA


and malonyl-CoA. These enzymes require no specialized appa-
ratus to prepare a starter unit when these rudimentary build-
ing blocks are already available in the cell. In this paper we
compare four related nonreducing iterative PKSs, none of
which have an associated FAS pair, and demonstrate that the
SAT domain in each selectively transfers acetyl-CoA in prefer-
ence to higher CoA homologues or malonyl-CoA, while litera-
ture precedent and a representative example indicate the MAT
domains present in these systems are restricted to malonyl
transfer.


To test the proposed role of SAT domains, we examined es-
tablished PKS pathways in Aspergillus nidulans, Colletotrichum
orbiculare (also known as C. lagenarium), Cercospora nicotianae,
and Gibberella fujikuroi. The presumed SAT monodomains from
WA (Q03149), PKS1 (BAA18956), CTB1 (AAT69682), and PKS4
(CAB92399), which are required in the biosynthesis of the
naphthopyrone YWA1 (2),[12] 1,3,6,8-tetrahydroxynaphthalene
(THN, 4),[13] cercosporin (5),[14] and bikaverin (6),[15] respectively
(Figure 1), were separately cloned, expressed in E. coli, and pu-
rified. The coding sequence for the SAT domains in these PKSs
spans the first three exons. Exons 1 and 2 were codon-opti-
mized to facilitate enhanced expression in E. coli.[16,17] The third
exon fragment was amplified from the genomic DNA, fused to
the codon-optimized fragment by either ligation or overlap-ex-
tension PCR, and inserted into pET24a for robust expression in
BL21 ACHTUNGTRENNUNG(DE3). Based on the available sequence data, the SAT
domain in PKS4 (G. fujikuroi, CAB92399) lacks the coding se-
quence for the required Cys in the GXCXG motif expected for
SAT domains. This Cys covalently tethers the starter unit
during transfer.[9] Upon resequencing exons 1 and 2, a frame-
shift mutation was discovered in the published sequence.
Gene structure prediction by using the revised sequence re-
sulted in an alternative splicing pattern that translated through
the GXCXG motif (FGENESH, http://www.softberry.com, Sup-
porting Information).


Employing the chromatographic assay previously used to ex-
amine acyl transfer in PksA,[9] we found that the SAT domains
from WA, PKS1, CTB1, and the revised PKS4 preferentially ac-
cepted acetyl and transferred it onto pantetheine—the bio-
chemically relevant part of the holo-ACP arm. All of the SAT
domains transferred acetyl faster (Figure 2) than the PksA SAT
domain transferred hexanoyl (30.4�0.6 mmol transfer
min�1 mmol�1 SAT, hexanoyl-CoA),[9] the biosynthetically re-
quired starter unit for norsolorinic acid (1) biosynthesis, under
identical conditions. Malonyl, however, was not accepted or
transferred. Propionyl-CoA, while rarely, if ever, seen as a starter
in fungal systems, was weakly accepted over any longer chain
fatty-acyl CoAs (butanoyl- or hexanoyl-CoA); this demonstrates
minimal tolerance for alternative chain lengths. In a relevant
precedent, Mosbach carried out the classic perturbation of the
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acetyl starter-unit effect by administering [1-14C]propionate
(0.24 mm) to Penicillium baarnense.[18] Even in this whole-cell
experiment a new metabolite was formed, homoorsellinate, in
a 1:5 ratio with orsellinate, which is normally produced. Step-
wise degradation showed that the former arose specifically
from incorporation of a propionyl starter. Controls lacking SAT
domains gave no detectable acyl transfer under the conditions
of the experiment. However, low extents of spontaneous acyl
transfer can take place only after extended periods of time.
The SAT monodomains from WA, PKS1, CTB1, and PKS4 were
shown by autoradiography to be able to covalently accept and
transfer an acetyl group from [14C]-acetyl-CoA onto the PksA
ACP monodomain; this further supports their roles in PKS ini-
tiation (Supporting Information).


Acetyl specificity for the SAT domain in PKS1 was unexpect-
ed and conflicted with conclusions drawn from earlier bio-
chemical experiments. Previously, PKS1 from C. lagenarium was
heterologously expressed in Aspergillus oryzae, and the major
product, THN (4), a precursor in fungal melanin biosynthesis,
was proposed to be the direct PKS product.[13] Radiolabeled
acetyl-CoA was employed in vitro with partially purified PKS1
to monitor incorporation into 4. An acetyl starter unit was not
detected, and the authors proposed that malonyl-CoA was the
starter as well as the extender unit.[19] In keeping with this


study, we initially proposed that the SAT domain in PKS1 could
either facilitate loading of the malonyl starter unit, act in
tandem with the MAT, or be a nonfunctional domain. In the
present study, however, the clear selectivity for acetyl-CoA sug-
gests that an alternative mechanism could occur.


The dissected MAT monodomain from PksA was previously
shown to load the ACP with the malonyl extender unit, but its
expression was problematic.[20] Production of the correspond-
ing MAT domains from WA, PKS1, CTB1, and PKS4 was similarly
fraught with difficulties in expression, solubility, and activity. To
circumvent these complications, it was resolved to express the
PKS1 SAT–KS–MAT tridomain as a relevant representative ex-
ample. The PKS1 SAT monodomain, with the active site Cys
substituted (C119A) exhibited a significantly reduced rate for
acetyl transfer (8.0�2.0 mmolmin�1mmol�1 SAT). Both the SAT
and C119A mutant exhibited very similar spectral signatures
when analyzed by CD spectroscopy in accord with retaining
similar structures (Supporting Information). The mutated PksA
SAT domain similarly showed a small amount of turnover for
hexanoyl.[9] We rationalize this low extent of apparent activity
to residual substrate binding to give effective concentrations
sufficient for acyl transfer to occur. To monitor MAT selectivity,
the PKS1 SAT–KS–MAT tridomain, with a mutant SAT domain
(C119A), transferred malonyl (18100�2155) approximately
2500-fold faster than acetyl (7.2�1.9) ; this suggests that the
MAT domain is highly selective for malonyl transfer. For PKS1,
however, unlike PksA, which initiates synthesis specifically with
a hexanoyl unit introduced by its SAT domain, decarboxylation
(through hydration and loss of bicarbonate)[21] of malonyl-ACP
to acetyl-ACP would provide a second avenue for the synthesis
of acetyl-THN (3). This could be the primary route for PKSs that
lack an active SAT domain.[22] For example, in vitro reconstitu-
tion of intact PKS4 with an inactivated SAT domain (CAB92399)
did not result in detectable acetyl incorporation in the bikaver-
in (6) precursor, SMA76a,[23] and decarboxylation of malonyl-
ACP becomes the acting process in vitro. Notwithstanding, the
evolutionary maintenance of SAT domains suggests that they
play an important role in vivo. Further experimentation is re-
quired to determine the relative SAT contribution for acetyl
starter unit introduction.


An alternative mechanism, however, can be envisioned that
is in agreement with the loading of an acetyl starter unit by
either initiation route in PKS1. In a parallel example, WA pro-
ACHTUNGTRENNUNGduces the heptaketide naphthopyrone YWA1 (2) when hetero-
logously expressed in A. oryzae[12] (Scheme 1A). Initially, a
mutant copy of the wA gene from A. nidulans resulted in heter-
ologous production of WA that lacked the C-terminal domain,
and isolation of the heptaketide citreoisocoumarin (7) from the
incorrect product-release step.[24] Ebizuka and co-workers ex-
amined point mutants within this C-terminal domain, which
has sequence similarity to thioesterases (TEs), and demonstrat-
ed that this TE-like domain acts as a Claisen cyclase (CLC)
rather than a thioester hydrolase.[25] YWA1 (2) is then convert-
ed to THN (4) through a hydrolytic shortening reaction in As-
pergillus fumigatus, and diverts this molecule into fungal mela-
nin biosynthesis.[26] In vitro reactions enabled detailed mecha-
nistic inquiry of the enzyme responsible for this reaction,


Figure 1. A) Domain architecture. Domains include: starter unit :ACP trans-
ACHTUNGTRENNUNGacylase (SAT), ketosynthase (KS), malonyl-CoA:ACP transacylase (MAT), pu-
ACHTUNGTRENNUNGtative product template (PT),[8] acyl-carrier protein (ACP), and thioesterase/
Claisen cyclase (TE/CLC); (x)=1 ACP for PksA, CTB1, and PKS4; (x)=2 ACPs
for WA and PKS1; R=methyl or pentyl. B) Selected fungal polyketide prod-
ucts. Compounds include norsolorinic acid (1), naphthopyrone YWA1 (2),
acetyl-tetrahydroxynaphthalene (3), 1,3,6,8-tetrahydroxynaphthalene (THN,
4), cercosporin (5), and bikaverin (6) ; starter units are indicated in bold.


1020 www.chembiochem.org M 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 1019 – 1023



www.chembiochem.org





Ayg1p, which also acts upon the hexaketide acetyl-THN (3),
albeit with lower affinity, to release the pentaketide THN.[27]


Acetyl transfer by the SAT domain in PKS1 suggests initiation
with an acetyl starter unit, which could account for the pro-
duction of the hexaketide acetyl-THN (3 ; Scheme 1B). Support-
ing this alternative pathway, organic extracts from an inducible
pks1 transformant in A. oryzae included 3 and 4 as well as sev-
eral shorter chain derailment products.[28] It is important to
note that by direct analogy to citreoisocoumarin (7) formation
above, when the catalytic Ser in the TE/CLC domain was mu-
tated, the incorrectly cyclized hexaketide isocoumarin (8) com-
prised 95% of the organic extract as opposed to the pentake-
tide isocoumarin. To account for this contradiction, the authors
proposed that PKS1 accepted a malonyl starter unit and that
the TE/CLC domain was responsible for chain-length determi-
nation and cyclization control for the production of THN
(Scheme 1Bb). However, the present findings suggest that the
hexaketide acetyl-THN (3) could be the direct polyketide prod-
uct that still bears an acetyl starter unit (Scheme 1Ba). A phe-
nomenon similar to that catalyzed by Ayg1P could occur when
3 is converted to 4. As a consequence, both polyketide chain-
length control, and cyclization control of the first aromatic ring
in fungal nonreducing PKSs would be carried out prior to the
TE/CLC catalyzed product release.


Genome-sequencing projects have revealed fungal species
that have genes predicted to encode as many as 30 PKSs.[29]


Only a small fraction of these have been correlated to structur-
ally characterized natural products. We suggest a general pat-
tern for iterative systems that contain SAT domains, that these
typically activate acetyl-CoA to initiate polyketide biosynthesis
and account for the observation of the classical “starter-unit
effect”. For the case of norsolorinic acid and other less
common examples, dedicated FASs appear associated with the
PKS to synthesize longer fatty acid chains to prime polyketide
synthesis. Complementary to this role for the SAT domain, the
existing experimental data suggest that MAT domains selec-
tively activate malonyl units predominantly for chain extension,
but decarboxylation of intermediary malonyl-ACPs can occur
(as is known in type II PKSs) to afford an alternate source of
acetyl starter units. As data are accumulated in future experi-
ments, the partitioning between SAT-derived acetyl and indi-
rect decarboxylation from MAT-derived malonyl units, which
might vary widely from case to case, will become clear.


Experimental Section


Genomic DNA (gDNA) from C. orbiculare NRRL 28842 (pks1), A. ni-
dulans RLMH67 (wA), C. nicotianae ATCC18366 (ctb1), and the im-
perfect form of G. fujikuroi, Fusarium fujikuroi M6884(+) (pks4),


Figure 2. SAT domain selectivity. Rates are reported in mmol transfermin�1mmol�1 SAT. A) WA SAT transfer, B) PKS1 SAT transfer, C) CTB1 SAT transfer, D) PKS4
SAT transfer. Malonyl-CoA: WA, 2.2�1.2; PKS1, 1.0�1.0; CTB1, 2.6�0.8; and PKS4, 0.4�1.8. Acetyl-CoA: WA, 149�15.7; PKS1, 69.2�5.8; CTB1, 385�47; and
PKS4, 31.2�1.4. Propionyl-CoA: WA 35.4�1.3; PKS1, 23.4�3.7; CTB1, 53.8�3.8; and PKS4, 14.4�2.8. Butanoyl-CoA: WA, 6.2�0.8; PKS1 5.2�1.1; CTB1,
2.2�1.3; and PKS4, 6.8�1.2. Hexanoyl-CoA: WA, 2.6�3.0; PKS1, 3.2�1.4; CTB1, 7.6�2.1; and PKS4, 2.6�0.7.
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were used as PCR templates. The predicted protein sequence data
(NCBI) encoded by exons 1 and 2 in wA (Q03149), pks1
(BAA18956), ctb1 (AAT69682), and pks4 (CAB92399) were codon-
optimized for E. coli by using the GeMS software.[17] The synthons
(synthetic gene fragments) with a 5’ NdeI site for cloning were as-
sembled from standard 40-mer oligonucleotides by using poly-
merase cycling assembly (PCA)[16] followed by PCR amplification
(Supporting Information). The remaining portion of the SAT or
SAT–KS–MAT within exon 3 was amplified from the genomic DNA
templates including an engineered 5’ overlap to the codon-opti-
mized fragment and a 3’ NotI site. The synthons were fused to the
gDNA-amplified fragments by ligation or overlap extension PCR
and inserted into pET24a (Novagen, Madison, WI, USA) for expres-
sion. Upon discovery of the alternative coding sequence for PKS4,
the gene was fixed by both gene synthesis and overlap-extension
PCR. The active site Cys119 codon in the PKS1 SAT monodomain
and the PKS1 SAT–KS–MAT tridomain was mutated to Ala by using
overlap-extension PCR. Protein production was carried out in BL21-
ACHTUNGTRENNUNG(DE3) E. coli and purified by using nickel-nitrilotriacetic acid resin
(Qiagen, Valencia, CA, USA). The purified protein was dialyzed
against potassium phosphate (100 mm, pH 7.0) for assay, and
enzyme concentrations were determined with the Bradford assay
in triplicate by using bovine albumin as a standard. Chromato-
graphic transacylase assays were carried out as previously de-


scribed.[9] Methods and retention times are listed in the Supporting
Information.
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Structure and Mechanistic Implications of a Tryptophan Synthase
Quinonoid Intermediate
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Tryptophan synthase is a pyri-
doxal 5’-phosphate (PLP)-requir-
ing bienzyme complex, with
subunit composition a2b2, that
catalyzes the last two steps in
the biosynthesis of l-Trp.[1] The
active site of the a chain or
a site (see Figure S1 in the Sup-
porting Information for an over-
view of the enzyme’s structure)
splits 3-indole-d-glycerol 3’-
phosphate (IGP; 1) into indole
(2) and d-glyceraldehyde 3-
phosphate (G3P; 3 ; Figure 1 A).
The b chain active site or b site
replaces the hydroxyl of l-Ser
with indole to give l-Trp in the
b reaction, which is a two-stage
process. In stage I of the b reac-
tion (Scheme 1 A), the external
aldimine (4) of the substrate l-
Ser undergoes a b-elimination
reaction to give the external al-
dimine of a-aminoacrylate, EACHTUNGTRENNUNG(A-
A) or 5 ; in stage II, indole, which
is channeled from the a to the
b site via a 25 8 long tunnel,
reacts with EACHTUNGTRENNUNG(A-A) to give l-Trp
(Scheme 1 A).[1] The quinonoid
intermediates EACHTUNGTRENNUNG(Q1–3) are central
to the various steps of the
b reaction, as the ability of PLP
to form these intermediates
makes this cofactor a powerful
electron sink (Scheme 1 A);


indeed, quinonoid intermediates are central to all PLP-depen-
dent enzyme mechanisms.


In tryptophan synthase, the catalytic cycles of the a and
b sites are synchronized by a sequence in which the a site is
switched on when E ACHTUNGTRENNUNG(Aex1) is converted to EACHTUNGTRENNUNG(A-A),[1–3] and


Figure 1. The a active site. A) Chemistry of the a reaction. B) Details of the
a site with the indoline–G3P adduct shown with 2Fo-Fc electron density
contoured at 1.0 s. C) Comparison of the a site and the position of aD60 of
the indoline–G3P adduct (light gray) with the IGP complex (PDB ID code
2RHG; dark gray). aT183 pushes the indoline towards aE49 (yellow arrow).
D) Interactions and proposed catalytic role of aE49. E) The indoline–G3P
adduct closely mimics the a reaction transition state shown in A). F) Forma-
tion of the indoline–G3P adduct.
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switched off after the reaction of indole with EACHTUNGTRENNUNG(A-A) and the
external aldimine of l-Trp is formed.[1,4] The communication be-
tween the a and b sites is performed through the communica-
tion or COMM domain, which is formed by residues b102 to
b189 (see Figure S1 in the Supporting Information). The COMM
domain changes position dramatically as the reactions pro-
ceed, and the switch between low- and high-activity states is
accompanied by transitions between open and closed confor-
mations of the a and b subunits.[1,5]


To study the mechanisms of the a and b reactions and their
allosteric regulation, we determined the 2.1 8 resolution crystal
structure (Table S1) of tryptophan synthase with the a site oc-
cupied by a transition-state analogue for the cleavage of IGP
(see the a reaction, Figures 1 A–F) and the b site occupied by a
quinonoid species that mimics the E(Q2) intermediate (7; see
the b reaction, Scheme 1 A, Figures 2 A, B). This unusual com-
plex was formed by soaking crystals of the native enzyme with
G3P, l-Ser, and indoline. At the a site, indoline reacted with
G3P to give the transition-state analogue 6 (Figures 1 E, F) ; at
the b site, indoline reacted with the aminoacrylate intermedi-


ate formed in stage I of the b reaction to give the quinonoid
species, E(Qindoline), shown in Scheme 1 B. These quasi-stable, re-
versibly-formed ligands induce closed conformations of the a


and b subunits, respectively, and provide the second example
of the closed conformation of the native b subunit.[5] Both
complexes are clearly defined by their electron densities (Fig-
ACHTUNGTRENNUNGures 1 B, 2 A, and Figure S2).


In the physiological reaction, cleavage of IGP has been
postulated to occur by a mechanism in which the carboxylate
of aD60 stabilizes the development of charge on the indole
ring nitrogen, while aE49 plays a catalytic role in the proton
transfers at C-3 and at the 3’ hydroxyl of IGP (Figures 1 A, D).
The indoline–G3P adduct is a nearly perfect transition-state an-
alogue for the IGP-cleavage reaction (Figures 1 A–E). The car-
boxylate of aD60 is locked into position by H bonds from
aY102 and aT183, and contacts the indoline C-3 (Figure 1 B).
The indoline C-3 corresponds to the indole nitrogen in IGP
(Figures 1 C, E), and thus aD60 is positioned to stabilize the
positive charge that develops on the indole nitrogen during
C�C bond cleavage in IGP (Figure 1 D).


Scheme 1. Chemistry of the b reaction. A) The b reaction occurs in two stages in which quinonoid intermediates play central roles. B) Reaction of indoline
with the a-aminoacrylate intermediate to form E(Qindoline). E ACHTUNGTRENNUNG(Ain): internal aldimine form of the enzyme; EACHTUNGTRENNUNG(Aex1): external aldimine of l-Ser; EACHTUNGTRENNUNG(A-A): external aldi-
mine of a-aminoacrylate; E ACHTUNGTRENNUNG(Q1–3): quinonoid intermediates; E(Qindoline): indoline quinonoid intermediate of tryptophan synthase.
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Figure 2. The b active site. A) Stereo figure presenting details of the quinonoid, shown with 2Fo-Fc electron density contoured at 1.0 s along with the bR141–
bD305 salt bridge and the network of H-bonding interactions that stabilize the closed conformation. B) Proposed charge-stabilization role played by bE109 in
stage II of the b reaction. C) Stereo diagram comparing the b sites of the open, inactive F9E ACHTUNGTRENNUNG(Aex1) complex (2CLL, brown)[5] with the closed, active (indoline–
G3P)E(Qindoline) complex (gray). The PLP rings are superimposed to show movements relative to the coenzyme. H-bond interactions are shown as dotted lines.
The hydrogen bond between the external aldimine hydroxyl and bD305 is shown in cyan. Upon loss of this interaction, bD305 assumes a different conforma-
tion; this results in an interaction with bR141, which causes a large conformational change of the COMM domain.
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The catalytic aE49 side chain is wedged into a hydrophobic
pocket and forms hydrogen bonds to the indoline ring N and
to the C-3’ OH of the adduct (Figures 1 B, C, E; 6). This orienta-
tion of aE49 supports a concerted push–pull mechanism, in
which the bifunctional carboxylic acid group shuttles a proton
between the hydroxyl group and the indole C-3 of IGP to ini-
tiate C�C bond cleavage (Figure 1 D). This alignment of the
aE49 carboxylic acid group is only possible when the cavity
formed by the aF22, aL100, aL127, aY175, and aI232 side
chains expands to accommodate the carboxylic acid moiety.
The hydrophobic nature of this cavity tolerates the carboxylic
acid, but likely would exclude the carboxylate; this makes a
concerted proton transfer more likely than a stepwise transfer.
Indeed, in structures with IGP bound to the a site, the side
chain of aE49 is either folded away in an inactive conforma-
tion, H bonded to the OH of aY173 (see for example ref. [5]),
or is H bonded via one carboxylate oxygen to the hydroxyl of
IGP, and thus appears to be ionized. These structures corre-
spond to inactive conformations.


Sterically, the E(Qindoline) complex (Figure 2 A) appears to be a
close structural analogue for E(Q2) in stage II of the b reaction
(Scheme 1 A).[6] The indoline moiety is held between bL166,
bF306, and bT190, which would also orient an incoming indole
from the tunnel for attack on E ACHTUNGTRENNUNG(A-A). Figure 2 A shows the Ne


of bK87 positioned for proton transfer to Ca of the Qindoline


moiety; this substantiates a general acid/base catalytic role for
bK87, while a small rotation of bE109 would position the car-
boxylate next to the C-3 of the indoline moiety. This finding
strongly corroborates the proposal that bE109 facilitates nucle-
ophilic attack of indole on E ACHTUNGTRENNUNG(A-A) by stabilizing charge devel-
opment on the indole ring as the C�C bond is formed to give
E(Q2) as shown in Figure 2 B.[7]


Comparison of open, inactive b-subunit structures of E ACHTUNGTRENNUNG(Aex1)
complexes[5] with the two closed b-subunit conformations
available for the wild-type enzyme, the (GP)E ACHTUNGTRENNUNG(A-A) complex,[5]


and the (indoline–G3P)E(Qindoline) complex presented herein, re-
veals the structural switch from the open to the closed confor-
mation of the b subunit (Figure 2 C). The formation of E ACHTUNGTRENNUNG(A-A)
entails the loss of the hydroxyl group of E ACHTUNGTRENNUNG(Aex1). Probably, this
causes the conformational switch in the following way: remov-
al of the E ACHTUNGTRENNUNG(Aex1) hydroxyl causes the loss of its H bond to the
bD305 carboxylate ; this results in a repositioning of bD305 to
form a salt bridge with bR141, and causes formation of a H-
bond network between bS299–bS297–bD305–b141–bD138–
bL166 (Figure 2 C).[5, 8, 9] This then leads to a large motion of the
COMM domain.[8,9] Moreover, it pulls bL166 into the active site;
this completes the binding pocket for the indole, which then,
in stage II of the b reaction, is channeled to the b site and
reacts with EACHTUNGTRENNUNG(A-A) to give the E(Q2) intermediate (Scheme 1 A),
possibly assisted by bE109 as explained before.


The switch between open and closed conformations of the
b subunit communicates the chemical composition of the
b site to the a site through H bonds at the a–b subunit inter-
face, which involves loops aL2 (residues a54–a62) and aL6
(residues a177–a195).[5, 9] Importantly, this affects the position
of the catalytic aD60 and the position of IGP through the
H bond to the indolyl ring (Figure 1 C). Depending on its loca-


tion, which is also affected by closure of the a site through the
aD60–aT183 H bond,[10, 11] aE49 can act as a proton shuttle to
facilitate cleavage of IGP.


In conclusion, the crystal structure of tryptophan synthase
complexed with a transition-state analogue at the a site and a
quinonoid intermediate at the b site, reveals important new as-
pects of the structural determinants for the enzyme’s allosteric
regulation and reaction mechanisms.


Experimental Section


Tryptophan synthase was purified and crystallized as described
previously.[9] Life-time and occupancy of the short-lived quinonoid
species can be increased by metals, pH, and a-subunit ligands.[12]


Nucleophilic analogues of indole, such as 2-aminophenol[13] and in-
doline, react with G3P at the a site to form covalent adducts. Com-
plex formation at the a- and b active sites was achieved by soaking
crystals for 30 min in a solution that contained Bis-Tris-propane,
pH 7.8 (50 mm), CsCl (200 mm), PEG 8000 (15 %, w/v), glycerol
(20 %), l-Ser (200 mm), G3P (10 mm), indoline (12 mm), and DMSO
(10 %).[12] The crystals changed color from pale yellow to orange
hues. Light exposure of the crystals was kept at a minimum during
soaking and mounting. Crystals were cryo-cooled in liquid nitro-
gen. Diffraction data were collected at Beamline X12C (National
Synchrotron Light Source, Brookhaven National Laboratory, USA)
with the crystal kept at 100 K. The data were processed with
XDS.[14] The starting model for refinement (PDB code 1QOP) was
stripped of the coordinates of loops aL2 and aL6, ligands, and
water molecules. After the first cycle of simulated annealing refine-
ment with CNS,[15] clear electron density was observed for loops
aL2 and aL6, the a-site ligand, and the indoline quinonoid of the
pyridoxal phosphate. In particular, the flat geometry of the latter
was obvious (Figure S2). Due to the uncertainties associated with
the 2.9 8 resolution structure of quinonoid complex of serine hy-
droxymethyltransferase that contains a mixture of the geminal di-
ACHTUNGTRENNUNGamine and the external aldimine/quinonoid complex,[16] geometri-
cal parameters for the quinonoid were obtained by quantum
chemical optimization at the DFT level by using the B3LYP/6-
31G(d) basis set. The final model displayed good stereochemistry
(see Table S1) with R/Rfree values of 0.198/0.238. Structures were su-
perimposed by using all Ca atoms for each pair of structures
except for those that belong to loop aL2, loop aL6, and the
COMM domain.


Acknowledgements


Supported by NIH grant GM5574 (M.F.D.). We thank Michael
Weyand and Andrea Mozzarelli for initial contributions.


Keywords: allosterism · enzyme catalysis · protein structures ·
reactive intermediates · structure–activity relationships


[1] P. Pan, E. Woehl, M. F. Dunn, Trends Biochem. Sci. 1997, 22, 22–27.
[2] P. S. Brzovic, K. Ngo, M. F. Dunn, Biochemistry 1992, 31, 3831–3839.
[3] P. Pan, M. F. Dunn, Biochemistry 1996, 35, 5002–5013.
[4] C. A. Leja, E. U. Woehl, M. F. Dunn, Biochemistry 1995, 34, 6552–6561.
[5] H. Ngo, N. Kimmich, R. Harris, D. Niks, L. Blumenstein, V. Kulik, T. R.


Barends, I. Schlichting, M. F. Dunn, Biochemistry 2007, 46, 7740–7753.
[6] W. F. Drewe, Jr. , M. F. Dunn, Biochemistry 1986, 25, 2494–2501.
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Protein Surface Recognition: Structural Characterisation of Cytochrome c–
Porphyrin Complexes


Peter B. Crowley,*[a] Prasad Ganji,[b] and Hasim Ibrahim[b]


One of the challenges that faces chemical biology is
the design of molecules that inhibit protein–protein
interactions.[1] Generally, protein complexes involve
hydrophobic surface patches, the size and shape of
which contribute to the binding affinity.[2–5] Specificity,
on the other hand, is achieved through polar interac-
tions such as hydrogen bonds, salt bridges and
cation–p pairs.[2, 6, 7] The challenge with inhibitor
design, therefore, is to encode a small molecule with
sufficient recognition information to approximate the
surface presented by the protein. Indeed, the broad
range of binding affinities (transient complexes have
small interfaces whereas permanent protein assem-
blies employ large rugged interfaces) suggests in-
creasing levels of design difficulty. The investigation
of protein surface ligands can provide useful informa-
tion towards the goal of rational inhibitor design.
Transient protein complexes are exemplified by the


high-turnover interactions utilised in biological elec-
tron transport.[8] The analysis of crystallographic and
NMR spectroscopic data indicate that redox proteins
form transient complexes via small flat binding sites
(�500 52 buried surface per protein), the core of
which is hydrophobic and encompasses the redox co-
factor or a surface-exposed ligand of the active
site.[5, 9–13] Polar and charged side chains take up the
periphery of the binding site, and frequently there is
a juxtaposition of complementary charged groups
across the interface.[10–13] For instance, the positively
charged Lys residues that surround the exposed
haem edge of cytochrome c (cyt c) are complemented by clus-
ters of Asp and Glu side chains on cytochrome c peroxidase
(Figure 1).[11,12]


The architecture of the redox protein-binding site[10] sug-
gests a surface-ligand design based on a hydrophobic core sur-
rounded by polar/charged groups. Porphyrins have received
considerable attention in this regard,[14–20] and the general im-
portance of aromatic rings in protein–ligand interactions has
been highlighted.[21] Porphyrins are especially versatile tem-
plates as their synthesis allows the introduction of a range of


substituents to control the solubility, polarity and charge of
the molecule. Thus, in the case of surface ligands for cyt c, por-
phyrins that bear carboxyphenyl or negatively charged amino
acid derivatives have been studied.[15,16,20] While protein–ligand
binding affinities in the mm–nm range have been achieved, de-
pending on the relative proportion of acidic and aromatic
groups on the porphyrin periphery,[15,16] structural information
is lacking to date and the mode of porphyrin binding is un-
known.
We report here the characterisation of complex formation


between yeast cyt c (12.7 kDa) and two porphyrins (Figure 1)
as revealed by 2D 1H,15N correlation spectroscopy. The naturally
occurring coproporphyrin I (1), which bears four propionic acid
groups, and the synthetic octaacid porphyrin (2) were chosen
in light of previous studies.[16] Figure 2A illustrates the typical
changes to the 1H,15N HSQC spectrum of cyt c over the course
of titration with 1. Concentration-dependent chemical-shift
perturbations were observed for fifty-three backbone amide
resonances. The magnitude of the perturbations increased
with the amount of added ligand; this is indicative of fast ex-


Figure 1. PyMOL surface representation of cyt c[22] illustrating the positive (blue) and neg-
ative (red) electrostatic potentials. The exposed haem edge is shown as spheres. The por-
phyrins used in this study were coproporphyrin I (1) and 5,10,15,20-tetrakis-(3,5-dicarbox-
ylatophenyl)-porphyrin (2).
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change (on the NMR timescale) between the ligand-free and
ligand-bound forms of cyt c. Strikingly, the majority of the per-
turbed resonances experienced an upfield shift in the 1H di-
mension (Figure 2A).
A significant downfield shift was observed for one resonance


(Val20) only. As ring-current effects give rise to upfield shifts,
the chemical-shift changes indicate that the interactions of
cyt c with 1 are dominated by the porphyrin ring. The upfield
shifts might be due to weakening hydrogen bonds[23] since
porphyrin binding can destabilise the protein.[19] However,
such an explanation is unsatisfactory as changes in the protein
structure would give rise to larger and more varied effects in
the NMR spectra.
Similar cyt c resonances were affected by 1 and 2 but the


perturbations induced by 2 were smaller (Figure 2B) and there
were fewer upfield shifts. In fact, one of the largest perturba-


tions was a downfield shift of 0.15 ppm for the 1HN of Lys89.
While a number of resonances had a similar shift pattern in the
presence of either ligand, it appears that the mode of interac-
tion is different. In agreement with previous studies,[16] the
binding curves (Figure 3) demonstrate tighter binding for 2 (Kd


~0.07 mm), which saturates at approximately one equivalent. It
should be note that the lower affinity interaction with 1 (Kd=


0.4 mm) gave rise to larger chemical-shift perturbations (Fig-
ACHTUNGTRENNUNGures 2B and 3).
Porphyrin binding had a marginal effect on the line widths


of most cyt c resonances. The average line width, which was
measured for 70 backbone amide resonances was 17.2 Hz; this
increased to 20.0 Hz in the presence of excess porphyrin 1.
Large line width increases were observed for a few resonances
including Lys5, Arg13, Thr69 and Tyr97, and the resonance of
Glu21 was broadened beyond detection during titrations with


Figure 2. A) A region from the overlaid 1H,15N HSQC spectra of cyt c in the presence of increasing concentrations of 1. The reference spectrum (0.1 mm pure
cyt c) is black while successive titration points are coloured red (0.14), yellow (0.40), blue (0.86) and green (1.62 mm porphyrin 1). Note the large upfield shifts,
which are indicative of ring current effects. B) Plot of the average chemical-shift perturbations (Ddavg) experienced by the backbone amide resonances of cyt c
in the presence of excess 1 and 2. Gaps correspond to unassigned and Pro residues. The residues of cyt c are numbered from �5 to 103.[22] C) Chemical-shift
perturbation map of cyt c in the presence of 1. The molecular surface was generated in PyMOL by using the crystal structure of cyt c.[22] Residues for which
the amide resonances experienced small (Ddavg>0.05 ppm), medium (Ddavg�0.10 ppm) or large (Ddavg�0.15 ppm) shifts are coloured yellow, orange and
red, respectively; the haem is shown in blue. The two images in the middle are oriented as in Figure 1, and the left and right panels are related by a 1808 ro-
tation. Upper images are related to lower images by 908 rotations as indicated.
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2. Such exchange broadening suggests that certain side chains
experience conformation changes[24] in order to accommodate
ligand binding.
Figure 2B shows a plot of the 1HN and 15N chemical-shift


changes averaged for each backbone amide. Mapping these
perturbations onto the crystal structure of cyt c[22] (Figure 2C)
reveals a large contiguous patch that covers about half of the
protein surface. Compared to transient protein complexes that
involve cyt c, the porphyrin binding surface is more extensive
and is not limited to the known protein-binding site around
the exposed haem edge.[10–12,25,26] The most pronounced effects
of porphyrin binding occur in and around the N-terminal helix.
Lys5, Leu9 and Asp90 are found at the centre of this patch
(Figure 2C). Additional hydrophobicity is provided by Leu85,
while the guanidinium of Arg13 is available to form a cation–p


interaction with the porphyrin ring. Significant chemical-shift
perturbations were detected for the resonances of ten Lys resi-
dues, eight of which are located in the vicinity of the haem.
An obvious feature of the chemical-shift map is that it en-


compasses a surface area several-fold larger than the area of
the porphyrin. This raises the question of whether there are
several distinct porphyrin-binding sites. However, it is clear
from the binding curves (Figure 3) that the data represent a
single binding event. In particular, the concentration depend-
ence of Dd was the same for amides located in different re-
gions of the cyt c structure. The extensive chemical-shift map
could also be an indication that ligand binding is experienced
indirectly. For instance, complex formation necessitates side-
chain conformation changes as well as alterations in protein
hydration, which can trigger chemical-shift changes in neigh-
bouring amides. Such indirect or transmitted effects serve to
explain why amides in the C-terminal helix experience shifts
despite being partly buried by the N-terminal helix. Neverthe-
less, it is difficult to envisage how indirect effects could perturb
the resonances of amides up to 20 5 distance from the bind-
ing site.
A more plausible explanation for the extensive chemical-


shift map relates to the nature of the protein–porphyrin inter-


action. If the complex is of low specificity, then the porphyrin
might be free to explore different surface patches on the pro-
tein. Such a dynamic ensemble of energetically similar inter-
ACHTUNGTRENNUNGactions has been proposed before for transient protein com-
plexes that involve cyt c. In such cases, despite reasonable as-
sociation constants (Ka ~104–105m


�1), the binding of cyt c does
not result in a single orientation.[12,25,26] The chemical-shift
changes associated with highly dynamic complexes can be
quite small (Ddavg ~0.05 ppm),[26] and it has been concluded
that Dd tends to zero as it is averaged over numerous different
contributions. Such “dynamic averaging” could be a contribu-
ting factor to the smaller perturbations observed for porphyrin
2 compared to 1.
Docking simulations of the interaction of cyt c and 1 support


the hypothesis that the protein–porphyrin complex exists as a
dynamic ensemble. Calculations were performed in Patch-
Dock,[27] which yields receptor–ligand configurations based on
optimal-shape complementarity. The similarity between the
chemical-shift map and the docking results is remarkable.
PatchDock predicts three regions on the protein surface, which
can accommodate a porphyrin ligand (Figure 4). Each of these


surfaces was highlighted by the chemical-shift mapping (Fig-
ure 2C). While the docking calculations favour interactions
with the “bottom” of cyt c (around Thr69), the NMR spectros-
copy data indicate that the predominant interaction is focused
around Lys5 and Leu9. Also, PatchDock did not identify the flat
surface around the haem edge as a binding site. This discrep-
ancy arises because the scoring function implemented in
PatchDock favours configurations that involve concave–convex
packing. (Note that the flatness of the haem face of cyt c is a
contributing factor to transient protein interactions.)[10] Overall,
the docking results suggest that the NMR spectroscopy data
represent an ensemble of protein–porphyrin interactions.


Figure 3. Binding isotherms for cyt c–porphyrin complexes. Labels indicate
the 1HN resonance that was monitored in the presence of porphyrin 1 (*). A
global fit of the data to a 1:1 binding model (solid line) yields a Kd=0.4 mm.
Also shown is a representative (Lys89) binding curve for porphyrin 2 (&).


Figure 4. Cyt c–porphyrin docked complexes calculated in Patchdock.[27]


Cyt c (oriented as in Figure 1) is illustrated as a ribbon diagram with the
haem group shown as spheres. The top ten docking results for porphyrin 1
are shown as sticks. Three of the top ten docking solutions involve interac-
tions at the Lys5-Leu9-Asp90 cluster on cyt c.
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How do these results fit in the context of previous studies?
The magnitude of the perturbations experienced by cyt c reso-
nances is surprisingly similar to the chemical-shift changes re-
ported for the haem-binding protein p22HBP in complex with
an ethylene glycol-modified porphyrin.[28] Protein p22HBP has
a broad specificity for porphyrins, and similar to the present
study, an extensive surface of the protein was found to be
ACHTUNGTRENNUNGaffected by porphyrin binding. From the binding map (Fig-
ure 2C) it is evident that porphyrin recognition by cyt c is ach-
ieved through surface patches of varying charge and polarity.
The variability of protein–porphyrin interactions is highlighted
also by protein crystal structures. For instance, in the complex
of peanut lectin and tetrasulfonatophenyl porphyrin (PDB ID:
1rir)[29] the protein–porphyrin contacts are mediated by the
ACHTUNGTRENNUNGhydrophobic side chains of Val and Ile. In contrast, in the N-
methyl-meso-porphyrin–antibody complex (PDB ID: 1n7m)[30]


the porphyrin is sandwiched between an Asp and Arg on the
L chain, and a Tyr on the H chain. Finally, the mode of porphy-
rin binding contrasts sharply with the complex of cyt c and
p-aminophenol.[31] The small size of the latter permits it to
occupy cavities on the protein surface, resulting in an interac-
tion with Phe36 on the back of cyt c.
In conclusion, the ligand design of a hydrophobic core with


a charged periphery results in a low-specificity interaction with
the protein surface. As a result, the complex exists as a dynam-
ic ensemble of energetically similar interactions. Current stud-
ies are concerned with increasing the specificity of the pro-
tein–porphyrin interaction. It is likely that porphyrins that bear
amino acid substituents[19] will provide the necessary recogni-
tion information to enhance specificity.


Experimental Section


Porphyrin 1 was purchased from Sigma. The synthesis and charac-
terisation of 2 was performed according to known methods.[32]


Stock concentrations of ligands were determined by UV/Vis spec-
troscopy by assuming extinction coefficients of e548=
16.8 mm


�1 cm�1 (0.1m HCl) for 1[18] and e516=18.6 mm
�1 cm�1 (0.1m


NaOH) for 2.[32]


15N-labelled Saccharomyces cerevisiae cyt c (that contained the
C102T mutation) was prepared and characterised according to
published methods.[33] For NMR spectroscopy studies, the typical
sample composition was 0.1 mm reduced cyt c, 25 mm potassium
phosphate, 50 mm NaCl, 0.1 mm sodium ascorbate (as a reductant)
and 10% D2O, pH 6.0. The sample pH was corrected to pH 6.0 after
each addition of ligand.


1H,15N HSQC spectra were acquired at 303 K with spectral widths of
14.1 ppm (1H) and 40.0 ppm (15N) by using a Varian 600 MHz NMR
system spectrometer. The analysis of ligand-induced chemical-shift
perturbations (Dd with respect to the spectrum of pure cyt c) was
performed in CARA (http://www.nmr.ch/). The perturbations were
averaged for each backbone amide resonance by using the formu-
la:


Dd ¼ ½ðDdN
2=25þ DdHN


2Þ=2	1=2 ð1Þ


where DdN and DdHN correspond to the change in the 15N and the
1HN chemical shifts, respectively.


Binding curves were obtained by plotting the magnitude of the
chemical-shift change (Dd) as a function of the concentration of
added ligand. The data were fit (nonlinear least squares) to a one-
site binding model, with Dd and [ligand] as the dependent and in-
dependent variables, respectively, and the maximum chemical-shift
change (DdMAX) and the dissociation constant (Kd) as the fit param-
eters. A global data analysis was performed in which the curves
were fit simultaneously to a single Kd value, while DdMAX was varied
for each resonance.


Docking calculations were implemented in PatchDock[27] by using
the crystal structure coordinates of cyt c (PDB ID: 1ycc[22]). The co-
ordinates for coproporphyrin I were obtained from PDB ID: 1nf4.[34]
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An Amphiphilic Bisporphyrin and Its YbIII Complex: Development of a
Bifunctional Photodynamic Therapeutic and Near-Infrared Tumor-Imaging
Agent
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Cancer is one of the leading causes of death worldwide. Pho-
todynamic therapy (PDT) is an emerging inherently selective
cancer-treatment modality under active investigation by both
clinicians and basic scientists.[1] In PDT, the activation of a non-
toxic photosensitizer by light of an appropriate wavelength
(energy) enables it to transfer some of its excitation energy to
molecular oxygen. Reactive oxygen species thus generated,
such as singlet oxygen (1O2), in turn cause oxidative stress and
damage to the target tissues, which results in cell death.


Porphyrin-based photosensitizers have been studied exten-
sively during the past two decades. Porphyrin derivatives were
found to accumulate readily in tumors, presumably because of
their high vascular permeability, as well as their affinity for pro-
liferating endothelium, and the lack of lymphatic drainage in
tumors.[2] However, the mechanism by which porphyrins accu-
mulate selectively in tumors is still not fully understood. In
general, porphyrin derivatives, which absorb strongly in the
visible region, are efficient singlet-oxygen generators. One cat-
ionic porphyrin, namely, meso-tetrakis(N-methylpyridinium-4-
yl)porphyrin (H2TMPyP), has been investigated extensively
owing to its water solubility and biocompatibility. However,
these studies have focused mainly on its in vitro interactions
with DNA.[3] The more clinically relevant studies of its photody-
namic activity towards tumor cells are less well-documented,
presumably as a result of the fact that H2TMPyP is too hydro-
philic to pass through the lipophilic cell membranes. To over-
come this problem, attempts were made to increase its cellular


uptake by conjugation with poly-(S)-lysine and amphipathic
peptides.[4]


Another frontier development involves the design of bifunc-
tional PDT agents with the ability to both photosensitize and
image tumor cells.[5] For example, the photosensitizer pyro-
pheophorbide a conjugated with GdIII–DTPA (DTPA=diethyl-
ACHTUNGTRENNUNGeneACHTUNGTRENNUNGtriaminepentaacetic acid), which serves as a magnetic reso-
nance imaging (MRI) contrasting agent, was used in a “see and
treat” approach, whereby drug uptake by the tumor was moni-
tored by MRI techniques and then followed by targeted photo-
dynamic treatment.[5a] Other examples include GdIII–texaphyrin.
Texaphyrin is a water-soluble tripyrrolic pentaaza-expanded
porphyrin capable of coordinating the large lanthanide cation.
In this case, the GdIII complex acts as an X-ray computed to-
mography (CT) enhancing agent as well as a PDT agent.[5d]


These bifunctional PDT agents, although novel and efficacious,
involve the use of rather costly imaging technologies, that is,
MRI, CT, positron emission tomography (PET), and single
photon emission computed tomography (SPECT). Near-infrared
(NIR) fluorescence (650–900 nm) imaging with indocyanine
dyes, which can be conjugated with various target-specific
low-molecular-weight ligands, offers a highly promising and
less costly alternative.[6] NIR imaging has a number of advan-
tages: 1) As NIR light is not absorbed by tissues and body
fluids, deep-tissue imaging is possible; 2) highly sensitive de-
tectors (for example, InGaAs) and data-processing techniques
are available for quantitative and real-time NIR imaging;
3) imaging in this region minimizes tissue autofluorescence
and therefore leads to a substantial enhancement of target/
background ratios.[7] In fact, endoscopic NIR imaging with a
fiber-optic sensor was demonstrated recently.[8] Inorganic NIR
emitters, such as YbIII–porphyrinate complexes, have also been
described for tumor imaging.[9] Although lower quantum yields
are observed for the lanthanide ACHTUNGTRENNUNG(III) NIR emitters (for example,
Yb3 + and Nd3 +) than for the indocyanine dyes, the lanthanide-
ACHTUNGTRENNUNG(III) NIR emitters have received considerable recent attention
because of their longer (microsecond-range) luminescence life-
times, which allow for more signal accumulation, and their
longer NIR-emission wavelengths (>1000 nm), which further
improve the target/background ratios.[10]


In this study, we improved the cellular uptake of cationic
porphyrin by increasing its hydrophobicity through the synthe-
sis of an amphiphilic bisporphyrin, 1. Furthermore, we pre-
pared a YbIII–bisporphyrin complex, Yb·1, which emitted
strongly in the NIR region (at ca. 1000 nm) upon its uptake by
cells and exhibited substantial PDT activity towards the rat
tumor-cell model Sarcoma 180. These results, together with
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the DNA-photocleavage and 1O2-generating activity of Yb·1,
suggest that this complex may serve as a novel “see and treat”
bifunctional PDT agent.


The bisporphyrins 1 and Yb·1 (Scheme 1; see Scheme S1 in
the Supporting Information for their preparation) were charac-
terized by high-resolution mass spectrometry (HRMS) and


1H NMR, 31P NMR (for Yb·1), UV/Vis, and fluorescence spectros-
copy. The absorption spectra of 1 and Yb·1 (Figure S1) show
absorption maxima at 422 and 427 nm, respectively, and their
steady-state fluorescence spectra (Figure S2) show the same
red-emission peak at 661 nm in water.


In Yb·1, the YbIII ion is coordinated to the porphyrin macro-
cycle, which upon photoirradiation transfers the triplet-excited-
state energy to the metal. The metal in turn loses this energy
radiatively as NIR emission.[11] This intramolecular energy trans-
fer, whereby the hydrophilic TMPyP moiety acts as an antenna
for light absorption and YbIII as the NIR emitter, is described in
Figure 1 for the irradiation of Yb·1 at 514 nm, a wavelength
sufficiently close to the region in which only TMPyP is photo-
excited. Emission at 1000 nm was observed.[12] An anionic tri-
podal ligand, LOMe


� ((cyclopentadienyl)tris(dimethylphosphito)-
cobaltate), was used to encapsulate the YbIII ion to 1) ensure


the integrity of the complex and 2) prevent deactivation and/
or quenching of its NIR fluorescence by solvent molecules
under physiological conditions.[13] The NIR-luminescence life-
time of Yb·1 in water is 10.13�0.05 ms (Figure S3). As the NIR-
luminescence lifetimes observed for most lanthanideACHTUNGTRENNUNG(III) com-
plexes in aqueous media[10] lie in the microsecond range, this
result confirmed the structural integrity of Yb·1. It is vitally
ACHTUNGTRENNUNGimportant that the NIR-luminescence lifetime lies within this
range if a YbIII complex is to act as an NIR-luminescent probe.
The NIR-emission spectrum of Yb·1 in an aqueous environment
is similar to the emission spectrum of Yb·1 in a cell suspension
recovered after incubation with Yb·1 and thorough washing
(Figure 1).


The relative 1O2 yields of H2TMPyP, 1, and Yb·1 were deter-
mined by using 1,3-diphenylisobenzofuran (DPBF) as an 1O2-
selective chemical trap. The reaction of DPBF with 1O2 produ-
ces a product that does not absorb light at wavelengths above
400 nm.[14] The absorbance of DPBF at 415 nm decreased with
increasing photoirradiation time of the porphyrins (Figure 2).
The following relative rates of 1O2 production by these por-
phyrins were derived from the steepness of the slopes of the
curves in Figure 2: H2TMPyP (20.5)>1 (4.1)>Yb·1 (1.0). The
fourfold lower 1O2-production rate of Yb·1 relative to that of 1
is presumably due to the channeling of a substantial fraction
of its photoexcitation energy to the YbIII center, which then
emits the energy in the NIR region. The reason for the substan-
tially lower 1O2-production rate of 1 relative to that of
H2TMPyP is not clear at present.


As 1O2 can cause DNA scission, the DNA-photocleavage ac-
tivities of 1 and Yb·1 were examined by gel electrophoresis by
using a plasmid-DNA-relaxation assay. We found that both
ACHTUNGTRENNUNGbisporphyrins can cleave DNA in a concentration-dependent
manner upon photoirradiation (Figures S4 A and S4 B). Further-
more, their DNA-photocleavage activities are similar, despite
the distinct 1O2-production rates measured for the two bispor-
phyrins with DPBF in methanol. This observation can be under-


Scheme 1. Structures of H2TMPyP and the bisporphyrins 1 and Yb·1 with
chloride ions (not shown) as the counter ions.


Figure 1. Photoluminescence (PL) spectra of a control, Yb·1 in water, and a
suspension of Sarcoma 180 cells loaded with Yb·1 upon excitation with
argon-ion-laser light at 514 nm. The cell suspension loaded with Yb·1 was
prepared as follows: Sarcoma 180 cells were incubated with Yb·1 for 22 h,
then centrifuged, washed thoroughly, and resuspended in phosphate-buf-
fered saline (PBS). The control sample consisted of Sarcoma 180 cells that
had not been treated with Yb·1.
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stood as follows: It is well established that H2TMPyP binds to
DNA;[3] therefore, both 1 and Yb·1, which contain the cationic
TMPyP moiety, are expected to bind to DNA as well. The 1O2


produced by these DNA-bound bisporphyrins upon photoirra-
diation can cause DNA scission very efficiently because of their
proximity to the DNA target site. Therefore, a lower 1O2 yield is
required for observable scission than is required with an un-
bound photosensitizer. If Yb·1 binds to the same DNA binding
sites as 1, it is quite possible that Yb·1 can cause a similar
degree of DNA cleavage as 1, provided that its 1O2 yield is
higher than the required threshold. This notion is supported
by the observation that 1 and Yb·1 behaved similarly when
their DNA-photocleavage activities were quenched by l-histi-
dine, an 1O2-selective scavenger (Figures S4 C and S4 D). Fur-
thermore, no quenching of their DNA-photocleavage activities
was observed when mannitol, a hydroxyl-radical scavenger,
was added (data not shown). These results suggest that the
amphiphilic bisporphyrins 1 and Yb·1 are promising photo-
ACHTUNGTRENNUNGdynamic therapeutic agents.


The uptake of a photosensitizer by tumor cells is a critical
determinant in treatment efficacy and tumor imaging. A small
molecular size and high hydrophobicity have been shown to
aid the cellular uptake of a photosensitizer.[15] However, highly
hydrophobic molecules may have a long retention time on the
plasma membrane and a lower singlet-oxygen yield as a result
of self-aggregation.[16] An appropriate balance between hydro-
philicity and lipophilicity, as found in amphiphilic molecules, is
therefore critical for achieving adequate tumor uptakes and
treatment efficacy. Most porphyrin-based PDT agents have
ACHTUNGTRENNUNGdistinct hydrophobic and hydrophilic ends for an appropriate
hydrophobicity/hydrophilicity balance. Detty and co-workers
reported that a porphyrin with two carboxylic acid groups
showed greater cellular uptake and antitumor efficacy than
porphyrins with one, three, or four carboxylic acid functionali-
ties.[17] Thus, the enormous flexibility in the structure of bispor-
phyrins, which have two porphyrin moieties with a large diver-
sity of possible substituent combinations, should enable the
generation of any required hydrophobicity/hydrophilicity bal-
ance for cellular uptake and other desired features.


The cellular uptake of H2TMPyP, 1, and Yb·1 by Sarcoma 180
cells was studied by flow cytometry. The results clearly indicat-
ed that 1 was taken up rapidly by the Sarcoma 180 cells (Fig-
ure S5). After incubation for 3 h, the fluorescence intensities of
the Sarcoma cells treated with 1 and Yb·1 were at least ten
times higher than those of the cells treated with H2TMPyP. The
level of fluorescence intensity of the Yb·1-treated cells after
22 h was very similar to that of the cells treated with 1 for the
same time period. A time-dependent uptake of Yb·1 by the
Sarcoma 180 cells was also observed, and was corroborated in
a quantitative fashion by the UV/Vis absorption of the cells
after treatment for 22 h with the bisporphyrins (Figure 3).


Confocal microscopy was used to further examine the sub-
cellular localization of H2TMPyP, 1, and Yb·1 in the Sarcoma 180
cells. Figure 4 shows the confocal images of cells costained
with these photosensitizers and two organelle probes specific
for lysosomes and mitochondria. The localization of 1 and Yb·1
is shown in red, and the localization of the organelle probe is
shown in green. Yellow dots represent the combined confocal
images of both the photosensitizer and the organelle-specific
probe. Colocalization was confirmed further by analyzing the
fluorescence-intensity profile drawn across the cell, as shown
in the confocal micrographs. Both 1 and Yb·1 were found to
colocalize with the lysosome probe in the cytoplasm (Fig-
ure 4 A and C). Significant colocalization with the mitochondria
probe was not observed (Figure 4 B and D). Furthermore, locali-
zation of 1 and Yb·1 in the nucleus was not observed.


As the cellular uptake of the tetracationic porphyrin
H2TMPyP was many times lower than that of the amphiphilic
bisporphyrins 1 and Yb·1 (Figure 3), we were unable to obtain
a high-resolution confocal image of the subcellular localization
of H2TMPyP. To capture the weak fluorescence signals from the
H2TMPyP-treated cells, we increased the pinhole size of the


Figure 2. Normalized absorbance of DPBF (50 mm in methanol) at 415 nm as
a function of time during the photoirradiation of absorbance-matched
H2TMPyP (2 mm), 1 (1 mm), and Yb·1 (1 mm). The wavelength and power of
the irradiation light source were >500 nm and 50 W, respectively.


Figure 3. Spectrophotometric analysis of the cellular uptake of H2TMPyP, 1,
and Yb·1. After incubation with H2TMPyP, 1, and Yb·1 for 22 h, the Sarco-
ma 180 cells were washed thoroughly, resuspended in PBS, and then diluted
to a cell density of 3.3 M 105 cells per mL. The visible-absorption spectra of
these treated cell suspensions were measured spectrophotometrically (Fig-
ure S6). The amounts of the different porphyrins taken up by these cells
were estimated from the measured absorbances by using calibration curves
derived from the spectra of standard solutions prepared by dissolving the
respective compounds in water. These uptake amounts were then divided
by the cell density to afford the cellular uptake (in nmol/106 cells) for
H2TMPyP, 1, and Yb·1.
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confocal microscope to 500 mm (see the fluorescence images
in Figure S7 A and B). Only a small amount of H2TMPyP was
ACHTUNGTRENNUNGobserved in the cytoplasm, and apparent colocalization of
H2TMPyP and the organelle probes was not observed.


To examine the therapeutic usefulness of these systems, the
photocytotoxicity of H2TMPyP, 1, and Yb·1 towards Sarcoma
180 cells was measured by a MTT-reduction assay (Figure 5;
MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide). The bisporphyrin 1 is more efficacious in PDT than Yb·1


or H2TMPyP. At a concentration of 4 mm, the light dose re-
quired for 1, Yb·1, and H2TMPyP to kill 50 % of the Sarcoma
cells (LC50) was approximately 3, 6.2, and 14 J cm�2, respective-
ly. Although H2TMPyP exhibits a higher 1O2 yield than 1 and
Yb·1, its photocytotoxicity was substantially lower than that of
1 and Yb·1, probably as a result of its poor cellular uptake
(Figure 3). The level of cellular uptake of 1 and Yb·1 is similar ;
the higher photocytotoxicity of 1 relative to that of Yb·1 is
probably due to the higher 1O2 yield of 1 (Figure 2).


Figure 4. Confocal images of Sarcoma 180 cells treated with 1 [A) LysoTracker, B) MitoTracker] or Yb·1 [C) LysoTracker, D) MitoTracker] . Sarcoma 180 cells were
incubated with 1 or Yb·1 (4 mm) for 22 h. The cells were then stained with the mitochondria probe MitoTracker Green FM dye M7514 (300 nm) or the lyso-
some probe LysoTracker Green DND-26L7526 (70 nm) for 30 min. Upper panel : Confocal (left) and bright-field (right) images. Red dots represent the fluores-
cence from 1 (or Yb·1), and green dots represent the fluorescence from the organelle probes. Yellow dots represent the overlapping fluorescent signals from
1 (or Yb·1) and the organelle probes. Lower panel : Fluorescence-intensity profiles of 1 (or Yb·1) and the organelle probes along the red arrow shown in the
confocal micrographs. Scale bar: 20 mm.
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Apoptosis and necrosis are two major forms of cell death.
They can be differentiated on the basis of their characteristic
morphological features.[18] In this study, flow cytometry and
fluorescence microscopy were used to analyze the mode of
cell death after PDT. Neither a sub-G1 peak (Figure S8) nor
apoptotic nuclei (Figure S9) were observed in the cells after
PDT with 1. The pattern of nuclear staining of Sarcoma 180
cells subjected to PDT with Yb·1 was similar to that observed
for cells subjected to PDT with 1 (data not shown). The subcel-
lular localization of 1 and Yb·1 in lysosomes (Figure 4 A and C)
and the subsequent photodamage of lysosomes with the re-
lease of lysosomal enzymes into the cytoplasm might explain
the induction of necrosis of the Sarcoma 180 cells.


The PDT efficacy of a photosensitizer varies for different cell
lines but depends largely on the hydrophobicity and hydrophi-


licity of the photosensitizer. Greater hydrophobicity leads to
higher cellular uptake but also to a lower yield of singlet
oxygen as a result of self-aggregation. Conversely, increased
hydrophilicity results in an increased yield of singlet oxygen
but lower cellular uptake. This generalization was found to be
true for the systems investigated in this study, and amphiphilic
photosensitizers are generally more active photodynamically
than hydrophobic and hydrophilic molecules of the same
structural class.[19] Moreover, amphiphilic photosensitizers are
pharmacokinetically favorable for rapid systemic clearance and
tumor selectivity.[20] It was reported previously that the tumor
selectivity of amphiphilic photosensitizers is related to their
more efficient binding to low-density lipoproteins in the trans-
port of porphyrins to tumor tissues.[21] Furthermore, high-mo-
lecular-weight porphyrins accumulate preferentially in solid
tumors, and relatively large porphyrins are expected to be in-
ternalized in membrane-bound organelles; thus, their localiza-
tion in the intracellular compartment occurs in a controlled
manner.[22] However, there have been few studies on the pho-
todynamic properties of bisporphyrins.[23] Herein, we presented
a method of synthesizing an amphiphilic bisporphyrin with an
appropriate hydrophobicity/hydrophilicity balance through a
convenient modification of H2TMPyP. The amphiphilic bispor-
phyrins 1 and Yb·1 exhibited a tenfold higher cellular uptake
by Sarcoma 180 cells relative to H2TMPyP. More importantly,
the NIR-luminescence properties of Yb·1 make it a suitable
compound for tumor imaging and use as a PDT agent in the
“see and treat” approach, which enables optimal therapeutic
efficacy. A study of the imaging and therapeutic applications
of such bisporphyrins is under way.
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Riboswitches for Enhancing Target Gene Expression in Eukaryotes
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Various RNA elements have been found to act as regulators of
gene expression, for example in ribozymes,[1] RNA interfer-
ence,[2] riboregulators,[3] and riboswitches.[4, 5] Inspired by these
natural RNAs, new RNA molecules have been engineered as
gene regulators with novel biological functions.[6,7] Riboswitch-
es are conserved RNA elements that precisely and specifically
sense small molecules to control gene expression, and they
have fundamental advantages over other methods for the con-
trol of gene expression by external stimuli. The thiamine pyro-
phosphate (TPP)-dependent riboswitches have been discov-
ered not only in prokayotes but also eukaryotes,[8–11] and the
structures and mechanisms of gene regulation for TPP-depen-
dent riboswitches have been determined.[12–17]


In a previous study, we showed that the TPP-dependent
ACHTUNGTRENNUNGriboswitch in the intron of the 5’-untranslated region (UTR) of
thiA in a eukaryote (Aspergillus oryzae) can regulate mRNA
splicing.[18] We further reported that physiological concentra-
tions of Mg2+ play a critical role in the regulation of TPP bind-
ing by the thiA riboswitch.[19] Breaker and co-workers also re-
cently discovered a TPP-dependent riboswitch in the filamen-
tous fungus Neurospora crassa and demonstrated that it con-
trols alternative splicing.[20] On the basis of these previous re-
ports, we are currently investigating the use of riboswitches in
new biotechnologies and attempting to engineer them for
novel functions, namely, to upregulate rather than downregu-
late gene transcription.
Although we previously found that TPP binding to the thiA


riboswitch causes improper splicing,[18] we did not determine
the splicing site. In the current study, to elucidate the mecha-
nism of action and to engineer the riboswitch, we first identi-
fied the splicing site of the intron by reverse transcriptase-
polymerase chain reaction (RT-PCR) and DNA sequencing. We
constructed a promoter-b-glucuronidase (GUS) reporter gene
plasmid (pNGthiA) containing the 5’-UTR of thiA. We used this
plasmid to transform A. oryzae with pNGthiA and then treated
the transformed cells with or without 10 mm thiamine. These


cells take up thiamine and spontaneously convert it into
TPP,[18] allowing activation of the TPP-dependent riboswitch by
application of thiamine as an external stimulus.
Total RNA was extracted from the cells and amplified by RT-


PCR as described in Figure 1A. Figure 1B shows native poly-


acrylamide gel electrophoresis (PAGE) of the RT-PCR products.
DNA sequencing revealed that mature mRNA was produced
only in the absence of thiamine, whereas the level of immature
mRNA increased in the presence of thiamine. Moreover, se-
quencing of the immature mRNA showed clearly that the 5’-
splicing site in the absence of thiamine was at position �338
relative to the translation initiation site (+1) (Figure 1C). In
contrast, in the presence of thiamine, the 5’-splicing site was at
position �253, demonstrating that the immature mRNA con-
tains a 85-base remnant of the intron. The remnant sequence
of the intron has three potential translation initiation codons
at positions �262, �290, and �299 (Figure 1C), which can
induce the frame shifts in the codons, leading to inactivation
of proteins. These results are consistent with findings that the
alternative translation initiation codons observed in the TPP-
dependent riboswitch system in N. crassa can reduce protein
expression.[20] These results confirm that the thiA riboswitch
alters the 5’-splicing site upon TPP binding.
Based on the splicing site and mechanism of the thiA ribo-


ACHTUNGTRENNUNGswitch, we attempted to engineer an “on riboswitch” that can
upregulate gene expression in response to thiamine. We spe-
cifically focused on the 85-base remnant of the intron that is
produced upon splicing in the presence of thiamine. We sus-
pected that removing the remnant sequence would prevent


Figure 1. A) Pre-mRNA and spliced mRNA were amplified by RT-PCR with pri-
mers RT-F and RT-R. Blue and white rectangles indicate exons and introns,
respectively. B) RT-PCR products were separated by native PAGE on a 5% ac-
rylamide gel. Lanes 1 and 2 indicate the PCR products in the absence and
presence of thiamine, respectively. C) The 5’-UTR of pre-mRNA and immature
mRNA produced from the thiA gene. Asterisks indicate putative start coACHTUNGTRENNUNGdons,
and the numbers indicate the sequence position relative to the trans ACHTUNGTRENNUNGlation
initiation site (+1)
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improper splicing from proceeding in the presence of thiamine
(Figure 2). We therefore first engineered the thiA riboswitch E1
in which the 85 bases were removed from the 5’-splicing site
of the intron. We then constructed a promoter-GUS reporter


gene plasmid containing the E1 riboswitch and analyzed it in
the absence and presence of thiamine. The GUS activities of
the original thiA riboswitch were 3708�15 and 106�
1.3 unitmg�1 protein, respectively, demonstrating the downre-
gulation of the natural riboswitch. On the other hand, the GUS
activities of engineered E1 riboswitch were 357�6.2 and
450�12 unitmg�1 protein, respectively. Although the response
to exogenous thiamine was altered, the difference in GUS ac-
tivities of the E1 riboswitch was insufficient for use in gene
regulation.
We next attempted to improve the extent of upregulation


mediated by the riboswitch. In fungi, there is a very strong cor-
relation between the total length of an intron and the length
from the 5’-splicing site to the branch point.[21] As the TPP-
binding domain of the thiA riboswitch is located between the
5’-splicing site and the branch point, the length between the
5’-splicing site and the TPP-binding domain could be impor-
tant for the splicing reaction. We therefore truncated the
ACHTUNGTRENNUNGsequence between the 5’-splicing site and the TPP-binding
domain of the E1 riboswitch generating the E2, E3, and E4 ri-
boswitches (Figure 3A), which have different lengths between
the 5’-splicing sites and the TPP binding domain. We then in-
serted these new riboswitches into promoter-GUS reporter
gene plasmids. Figure 3B shows their GUS activities. Surpris-
ingly, the GUS activities of E2 and E3 riboswitches in the pres-
ence of thiamine were 4.7 and 4.3 times higher, respectively,
than the activities in the absence of thiamine, whereas the E4
riboswitch construct had almost no GUS activity. Although the
length should be further optimized, these alternations in gene
expressions are comparable to the difference in gene expres-
sion mediated by the naturally occurring TPP-dependent ribo-
ACHTUNGTRENNUNGswitch in N. crassa, wherein gene expression in the presence of
thiamine is about four times higher than that in its absence.[20]


We next performed RT-PCR analysis to confirm the sequen-
ces of the spliced products produced from the engineered ri-
boswitches. Figure 3C shows native PAGE results of the ampli-
fied DNAs derived from the transcripts. The bands were ex-
tracted from the gel for sequencing. We found that the 5’-
splicing site of E1 riboswitch was nine bases downstream of
the expected splicing site, leading to a nine base remnant of
the intron so that the lower bands produced by the E1 ribo-


ACHTUNGTRENNUNGswitch migrated slower than that produced by the thiA ribo-
ACHTUNGTRENNUNGswitch. Although the reason for the remaining nine bases is
unclear, the band intensity of the spliced mRNA from the E1 ri-
boswitch was the same in the presence and absence of thia-
mine, indicating the lack of an effect of thiamine. On the other
hand, the signals derived from the spliced mRNAs of ribo-
ACHTUNGTRENNUNGswitches E2 and E3 in the presence of thiamine were more in-
tense than those in its absence, indicating that the mRNA was
spliced more efficiently in the presence of thiamine. In addi-
tion, the spliced mRNA produced by the E4 riboswitch was not
detected by RT-PCR analysis. These RT-PCR and DNA sequenc-
ing results are consistent with the GUS activities, demonstrat-


Figure 2. Strategy for controlling gene expression through the engineering
of the thiA riboswitch. Blue, red, and white rectangles indicate exons, the
TPP binding domain, and introns, respectively. Asterisks indicate putative
start codons.


Figure 3. A) E2–E4 riboswitches were designed by truncating the E1 ribo-
ACHTUNGTRENNUNGswitch. The blue sequences and arrows indicate the truncated sequence and
position, respectively. B) GUS activity of the engineered riboswitches in the
absence (�) and presence (+) of thiamine. The GUS activity of the ribo-
ACHTUNGTRENNUNGswitches in the absence of thiamine was normalized to 1.0. The actual GUS
activities (unit mg�1 protein) are indicated at the top of each bar. C) Splicing
of engineered thiA pre-mRNA without (�) or with (+) thiamine. Spliced
mRNA and substrate pre-mRNA were detected by RT-PCR using primers RT-F
and RT-R (Figure 1A), and PCR products were separated by native PAGE on a
5% acrylamide gel. Bands 1, 2, and 3 indicate pre-mRNA, immature mRNA,
and mature mRNA, respectively.
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ing that the E2 and E3 riboswitches act as “on riboswitches”
that are activated by thiamine.
To confirm the gene regulation mediated by the engineered


riboswithches as revealed by the GUS reporter assay and RT-
PCR analysis, it is important to compare the binding affinities
of the riboswitches for TPP, which is spontaneously generated
from thiamine in vivo. Figure 4 shows the normalized GUS
ACHTUNGTRENNUNGactivities of the thiA and E2 riboswitches in the presence of
various concentrations of thiamine. The apparent association
constant for thiamine binding to these riboswitches at 30 8C
were (3.2�1.1)H106 and (3.5�0.6)H106m


�1, respectively. The
affinities of these two riboswitches for thiamine were identical,
suggesting that the engineered riboswitch retained normal
TPP binding.


In conclusion, we successfully engineered the thiA ribos-
witch from its natural state as an “off riboswitch” into an artifi-
cial “on riboswitch”. There are many natural and engineered
gene expression systems developed to the applications. The
most frequently used systems for controlling gene expression
by exogenous molecules rely on specific sensor proteins and
specialized promoter elements. The TPP-dependent riboswitch-
es, however, do not require such a specialized promoter for
the gene regulation because they directly regulate splicing.
Therefore, the riboswitches can be embedded into any endog-
enous gene or engineered vector transcription unit. The indu-
cible gene expression systems can be designed rationally by
the engineered riboswitch, like the conventional gene expres-
sion systems. Importantly, the riboswitches developed here
can upregulate the target gene in eukaryotes; therefore, appli-
cation of these riboswitches can be adapted to gene regula-
tion in mammals. Because thiamine has very low toxicity
in vivo, these “on riboswitches” could be useful in therapeutic
applications.


Experimental Section


Construction of promoter-GUS reporter gene plasmids and
transformation experiments : The 5’-UTR ranging from �729 to
�1 of the thiA was amplified from genomic DNA of A. oryzae RIB40
by PCR using primers THIA-F (5’-GGCCCGGGGACAGACGGGCAATT-
GATTACG-3’) and THIA-R (5’-CCGTCGACGTTTCAAGTTGCAATGAC-3’).
PCR using KOD-Plus (Toyobo) was carried out for 2 min at 94 8C,
and products were amplified by PCR for 30 cycles of 15 s at 94 8C,
30 s at 55 8C, and 60 s at 68 8C. The amplified DNA products were
phosphorylated by TaKaRa BKL Kit (Takara) and inserted into the
SmaI site of GUS reporter plasmid pNG1[18] to obtain pNGthiA. The
E1 riboswitch was constructed from pNGthiA. The 5’-site of E1 ri-
boswitch was amplified by PCR using primers THIA-F and E1-R (5’-
GACGTTACCTAAGATACATTGTCGGTTGGTTTGG-3’), and the 3’-site of
the product was amplified by PCR using primers E1-F (5’-CCAAAC-
CAACCGACAATGTATCTTAGGTAACGTC-3’) and THIA-R. Next, the am-
plified 5’- and 3’-sites were mixed and amplified by PCR using pri-
mers THIA-F and THIA-R. The PCR was carried out using KOD-Plus
(Toyobo) and incubated for 2 min at 94 8C, followed by 20 cycles
for 15 s at 94 8C, 30 s at 55 8C, and 60 s at 68 8C. Riboswitches E2–
E4 were constructed using the same method as for the E1 ribos-
witch. PCR primers were as follows: 5’-site of E2 riboswitch, THIA-F
and E2-R (5’-CCAAAGACGTAAGATACATTGTCGGTTGGTTTGG-3’) ; 3’-
site of E2 riboswitch, E2-F (5’-CCAAACCAACCGACAATGTATCT-
TACGTCTTTGG-3’) and THIA-R; 5’-site of E3 riboswitch, THIA-F and
E3-R (5’-CACGCCAAAGACGTTACATTGTCGGTTGGTTTGG-3’) ; 3’-site
of E3 riboswitch, E3-F (5’-CCAAACCAACCGACAATGTAACGTC ACHTUNGTRENNUNGTACHTUNGTRENNUNGTACHTUNGTRENNUNGT-
ACHTUNGTRENNUNGGGCGTG-3’) and THIA-R; 5’-site of E4 riboswitch, THIA-F and E4-R
(5’-GGCCCACGCCAAAGTACATTGTCGGTTGGTTTGG-3’) ; 3’-site of E4
riboswitch, E4-F (5’-CCAAACCAACCGACAATGTACTTTGGCGTGGGCC-
3’) and THIA-R. All PCR products were confirmed by DNA sequenc-
ing using an ABI PRISM 310 genetic analyzer. The amplified DNA
products were phosphorylated using a TaKaRa BKL Kit (Takara) and
inserted into the SmaI site of pNG1 to obtain pNGE1, pNGE2,
pNGE3, and pNGE4, respectively. Escherichia coli DH5a was used as
a host during the manipulation of plasmids. Transformation of
A. oryzae was performed according to Gomi et al.[23]


RT-PCR analysis : Approximately 5H107 conidiospores of A. oryzae
transformants were inoculated into 100 mL of minimal medium
(Czapeck Dox medium[24]) and incubated at 30 8C with shaking at
180 rpm for 48 h with or without 10 mm thiamine. Total RNA was
prepared using ISOGEN (Nippon gene). One mg of total RNA was
reverse-transcribed and amplified using a Takara One Step RNA
PCR kit (AMV) (Takara) according to the manufacturer’s instructions.
PCR primers were as follows: RT-F, 5’-TTCCCAAACCAACCGACAAT-
3’; RT-R, 5’-TGATCAATTCCACAGTTTTC-3’. Amplified products were
resolved by PAGE on a 5% acrylamide gel in 1 H TBE buffer and
stained with GelStarL Nucleic Acid Stain (Takara).


GUS reporter assay : Cell-free extracts were prepared by the
method of Tada et al.[25] from mycelia grown under the same con-
ditions as those used for RNA preparation. GUS activity was deter-
mined spectroscopically using p-nitrophenyl glucuronide as a sub-
strate as described by Jefferson et al.[26]
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Figure 4. GUS activity of the thiA (circles) and E2 (squares) riboswitches at
different thiamine concentrations. Because one TPP molecule, which is gen-
erated spontaneously from thiamine in vivo, binds to each riboswitch,[19] the
data from the thiA and E2 riboswitches were fitted to the equation below to
estimate the equilibrium parameters based on a model that assumes a
single binding site:[22]


q= aKa ACHTUNGTRENNUNG[thiamine]/ ACHTUNGTRENNUNG(1+Ka ACHTUNGTRENNUNG[thiamine])+ b
where q is the normalized GUS activity, Ka is the apparent association con-
stant of thiamine binding, [thiamine] is the molar concentration of thiamine,
a is a scale factor, and b is the initial q value.
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Reinvestigation of a Cyclic Dipeptide N-Prenyltransferase Reveals
Rearrangement of N-1 Prenylated Indole Derivatives


Han-Li Ruan,[a, b] Wen-Bing Yin,[a] Ji-Zhou Wu,[b] and Shu-Ming Li*[a]


In a previous study, a cyclic dipeptide N-prenyltransferase
CdpNPT from Aspergillus fumigatus was found to catalyse the
prenylation of tryptophan-containing cyclic dipeptides at posi-
tion N-1 of indole moieties. The major products were identified
as derivatives that carried 1’-(3’,3’-dimethylallyl)—or 1’-DMA—
moieties, for example, cyclo-N1-(1’-DMA)-l-Trp-l-Trp (1;
Scheme 1).[1] The enzymatic reactions were terminated by addi-
tion of trichloroacetic acid (TCA) and the reaction mixtures
were separated by HPLC under acidic conditions.[1] However,
reinvestigation of the reaction mixture of cyclo-l-Trp-l-Trp and
dimethylallyl diphosphate (DMAPP) in the presence of CdpNPT


showed that the peak area of 1 decreased significantly as the
incubation time of the reaction mixture after addition of TCA
was shortened (Figures 1A–C). Meanwhile, the area of the
peak of 2, which eluted before 1, increased drastically. When
the enzymatic reaction was terminated with the same volume
of MeOH as that of the reaction mixture, 1 was detected only
as a minor peak in the HPLC chromatogram (Figure 1D). In-
stead, the peak for 2 was found to be dominant. Therefore, 1
seems to be an artefact of an enzymatic product, for example,
of 2.


To prove this hypothesis, enzymatic reactions of eight cyclic
dipeptides, cyclo-l-Trp-l-Trp,
cyclo-l-Trp-l-Tyr, cyclo-d-Trp-l-
Tyr, cyclo-l-Trp-l-Phe, cyclo-l-
Trp-l-Pro, cyclo-d-Trp-l-Pro,
cyclo-l-Trp-l-Leu and cyclo-l-
Trp-Gly, were terminated by ad-
dition of TCA (final concentra-
tion 136 mm) as used in a previ-
ous study.[1] The obtained mix-
tures had a pH value of 1 and
were incubated at room temper-
ature for 2 h. These mixtures
were then neutralised to pH 7.0
by addition of NaOH and ana-
lysed by HPLC under the new
conditions, which lacked acids in
the elution solvents. Reaction
mixtures terminated with MeOH
were used as controls. With the
exception of cyclo-d-Trp-l-Pro
(Figure 2K), only one dominant
product peak was detected for
each of the tested substrates
after termination with MeOH. In
contrast, two or more peaks
were found for almost all of the
substrates after termination with
TCA (Figure 2). These results


show that rearrangement of the enzymatic products of
CdpNPT had in fact taken place in the presence of TCA.


For structural elucidation of the enzymatic products, each of
the eight cyclic dipeptides (5 mmol of each) was incubated
with DMAPP (5 mmol) and recombinant His6–CdpNPT (0.4 mg)
for 16 h, and the mixtures were extracted with ethyl acetate
immediately after the incubation period. The conversion rates
were found to be from 30 to 70% for these substrates. The en-
zymatic products were subsequently isolated by HPLC without
acids in the elution solvents and subjected to NMR spectrosco-
py and MS analysis. The 1H NMR spectroscopy and MS data are


Scheme 1. Enzymatic reaction catalysed by CdpNPT and a hypothetical rearrangement mechanism of the product
in the presence of acids; cyclo-l-Trp-l-Trp is used as an example.
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given in Tables S1 and S2 in the Supporting Information, re-
spectively. Comparison of the 1H NMR data of the isolated
products of cyclo-l-Trp-l-Trp, cyclo-l-Trp-l-Tyr, cyclo-d-Trp-l-
Tyr, cyclo-l-Trp-l-Phe, cyclo-l-Trp-l-Leu and cyclo-l-Trp-Gly
with those of the corresponding substrates revealed the pres-
ence of signals for a 3’,3’-dimethylallyl (DMA) moiety in the
spectra of the isolated compounds at 5.7–6.1 (dd, 17 Hz; 11 Hz,
H-2’), 5.1 (d, 11 Hz, H-1’) and 5.1 (d, 17 Hz, H-1’) as well as 1.1
and 0.9–1.0 (s, 3H-5’, 3H-4’) ppm, respectively; this indicates an
attachment via its C-3’ (reverse prenylation). Signals for the
four protons at positions 4, 5, 6 and 7 of the indole ring were
clearly observed (Table S1), and revealed that the prenyl
moiety is connected to N-1 or C-2 of the indole ring. The sig-
nals of the methyl groups in the reverse prenyl moieties at-
tached to C-2 of the indole rings of some diketopiperazine de-
rivatives, for example, in echnulin- and isoechinulin-type alka-
loids,[2–4] in deoxybrevianamide E[5] or okaramines,[6,7] were usu-
ally found in the range of 1.40 to 1.55 ppm. In comparison, the
signals of the methyl groups in the prenyl moieties of the en-
zymatic products of CdpNPT are significantly up-field shifted to
0.9 to 1.1 ppm. This means that the prenyl moieties of CdpNPT
products are probably not attached to C-2, but to N-1 of the


indole rings. Indeed, only one singlet for NH of an indole ring
was detected at 8.14 ppm for the product of cyclo-l-Trp-l-Trp,
but there was none for products of other cyclic dipeptides;
this confirms the attachment of the prenyl moieties to position
N-1. The signals of H-2 of the isolated products were strongly
up-field shifted from about 7.2 to 5.1–5.7 ppm (Table S1), in
comparison to those of the respective substrates. This effect is
caused by the fielding of the double bond of the introduced
prenyl moiety at position N-1 of the indole ring, which was
also observed for other indole derivatives with an N1-(3’-DMA)
moiety.[8] Therefore, the NMR data proved unequivocally that
the enzymatic products of cyclo-l-Trp-l-Trp, cyclo-l-Trp-l-Tyr,
cyclo-d-Trp-l-Tyr, cyclo-l-Trp-l-Phe, cyclo-l-Trp-l-Leu and
cyclo-l-Trp-Gly are prenylated at position N-1 of the indole
rings, and the prenyl residues are connected via its C-3’ as re-
verse moieties (Table S1). From the above results, it could be
speculated that the products that carried N1-(1’-DMA) moieties
identified in a previous study[1] were artefacts that were
formed by rearrangement after termination of the enzymatic
reaction with TCA and during HPLC analysis in the presence of
triflouroacetic acid (see below).


Analogous to the products of the six cyclic dipeptides men-
tioned above, the two peaks of the enzymatic reaction of
cyclo-d-Trp-l-Pro were also isolated (Figure 2K). The first peak
with a smaller retention time was identified unequivocally as
cyclo-N1-(3’-DMA)-d-Trp-l-Pro by 1H NMR spectroscopy and MS
analysis (Tables S1 and S2). The second peak was a mixture of
two compounds with a ratio of 2:1 and contained the previ-
ously identified cyclo-N1-(1’-DMA)-d-Trp-l-Pro[1] as the major
component. It seems that cyclo-N1-(3’-DMA)-d-Trp-l-Pro is
more unstable than the enzymatic products of the other cyclic
dipeptides mentioned above, and significant rearrangement
had already taken place during the enzymatic incubation at
pH 7.5 and 37 8C. The HPLC chromatogram of the incubation
mixture of cyclo-l-Trp-l-Pro showed only one additional peak
(Figure 2M) in comparison to that of the substrate. Surprising-
ly, after 1H NMR spectroscopy it turned out that this peak was
a mixture of three compounds in a ratio of 100:60:6. With the
help of H,H COSY, the major component was identified to be
cyclo-N1-(3’-DMA)-l-Trp-l-Pro and the minor one to be cyclo-
N1-(1’-DMA)-l-Trp-l-Pro, which was identified previously.[1]


These results provided additional support that the enzymatic
products of cyclic dipeptides that consist of tryptophan and
proline are more unstable than those of other cyclic dipeptides
tested in this study.


To confirm that the previously identified derivatives with N1-
(1’-DMA) moieties were rearrangement artefacts of the enzy-
matic products with N1-(3’-DMA) moieties, we decided to iso-
late the rearrangement products. For this purpose, the enzy-
matic product cyclo-N1-(3’-DMA)-l-Trp-l-Trp (2) was incubated
with TCA (136 mm) for 16 h. The incubation mixture was neu-
tralised with NaOH and analysed by HPLC. As observed with
the incubation mixture mentioned above (Figure 1), enzymatic
product 2 was converted to 1 and 3. Furthermore, an addition-
al peak (4) was also detected (Figure S1B in the Supporting In-
formation). The rearrangement products (1, 3 and 4) were sub-
sequently isolated by HPLC and subjected to NMR spectrosco-


Figure 1. HPLC analysis of the reaction mixtures of cyclo-l-Trp-l-Trp after
termination with MeOH and TCA (136 mm) and incubation at room tempera-
ture. The mixtures containing TCA were neutralised with NaOH (1.5m) to
pH 7.0 and analysed by HPLC.
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py and MS analysis. As expected, the peak for 1 was unequivo-
cally identified to be cyclo-N1-(1’-DMA)-l-Trp-l-Trp;[1] this con-
firmed that it was indeed an artefact of the enzymatic product.
The peak for 3 was a mixture that consisted of at least two
compounds (3a and 3b) ; 3a bears a 1’-(3’,3’-dimethylallyl)
moiety attached to a C atom; this was deduced by the pres-
ence of the signals at 5.37 (1H, t, 6.6 Hz), 3.43 (2H, 6.6 Hz),
1.74 (3H, s) and 1.72 (3H, s), respectively. This indicated that a
rearrangement of the prenyl moiety from N-1 to a C atom also
took place. From the 1H NMR spectrum, it could be excluded
that cyclo-2-(1’-DMA)-l-Trp-l-Trp[9] was in the mixture. The
peak for 4 was unequivocally identified to be cyclo-l-Trp-l-Trp
by comparison of its 1H NMR and MS spectra with those of an


authentic compound. Based on the fact that the iso-
lated enzymatic product 2 was free from its substrate
before incubation with TCA (Figure S1A), it can be
concluded that this part of cyclo-l-Trp-l-Trp was
formed by hydrolysis of 2 or its rearrangement prod-
uct. The rearrangement observed for cyclo-N1-(3’-
DMA)-l-Trp-l-Trp could also be true for enzymatic
products of other tryptophan-containing cyclic di-
peptides of CdpNPT. However, it can be expected
that the degrees of the rearrangement differ from
each other.


To test the stability of the rearrangement products
as well as their relationship to the enzymatic product
and to each other, the rearrangement peaks for 1
and 3 were incubated with TCA (136 mm) at room
temperature for 16 h. Incubations in MeOH instead of
TCA were used as controls. Both peaks were relatively
stable in MeOH for at least 16 h at room temperature
(Figure S1). With the exception of a TCA peak at the
beginning, there was almost no difference between
the chromatograms of 1 after incubations with TCA
(Figure S1D) and that with MeOH (Figure S1C); this
indicates that 1 was relatively stable in the presence
of 136 mm TCA. Similar results were also observed
for 3 (Figures S1E and F). By comparing the HPLC
chromatograms (compare Figure S1B with Figures
S1D and F), it could be deduced that 4 was very
probably derived directly from the enzymatic product
2 or other rearrangement products rather than from
1 or 3. The rearrangement results of 2 are summar-
ised in Scheme 1. Different ions, such as 5, 6 and 7,
could be involved in the rearrangement.


In conclusion, this study demonstrated that the en-
zymatic products of CdpNPT are derivatives of trypto-
phan-containing cyclic dipeptides with 3’-DMA moi-
eties, known as “reverse” prenyl residues, attached to
N-1 of the indole rings (Table S1) ; therefore, CdpNPT
functions as a reverse N-prenyltransferase (Scheme 1).
Most of the cyclic dipeptides with an N1-(3’-DMA)
moiety tested in this study were relatively stable at
pH 7.5 and 37 8C, but underwent rearrangement in
the presence of TCA even at room temperature; this
resulted in the formation of derivatives that carried
N1-(1’-DMA) moieties identified in a previous study.[1]


Cyclo-N1-(3’-DMA)-l-Trp-l-Pro and cyclo-N1-(3’-DMA)-d-Trp-l-
Pro were more unstable and underwent rearrangements al-
ready during the enzymatic incubation at pH 7.5 and 37 8C.


Strong acids such as TCA are often used for protein precipi-
tation and termination of enzymatic reactions.[10] Our results
show that such additives could catalyse further reactions of
the enzymatic products, and can result in misinterpretation of
the enzymatic reaction. Therefore, it is worth to consider other
reagents, such as MeOH, for this purpose. Addition of MeOH
to the reaction mixture in a volume ratio of 1:1 was efficient,
and undesired effects were not observed for immediate HPLC
analysis, as shown in this study.


Figure 2. Stabilities of the enzymatic products of CdpNPT in the presence of MeOH and
TCA. For determination of stability in MeOH, the reaction mixtures were terminated with
MeOH in a ratio of 1:1 (v/v), incubated at room temperature for 2 h and analysed directly
by HPLC. For determination of the stability in TCA, the reaction mixtures were terminat-
ed with TCA (final concentration 136 mm) and incubated at room temperature for 2 h.
The mixtures were neutralised with NaOH (1.5m) to pH 7.0 and analysed subsequently
by HPLC. X: unknown compound; Y: unknown compound with a similar 1H NMR spec-
trum to that of cyclo-N1-(3’-DMA)-l-Trp-l-Pro.
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Experimental Section


Overproduction and purification of His6–CdpNPT as well as condi-
tions of the enzymatic reactions were described in a previous
study.[1] HPLC analysis was carried out with the same equipment as
described previously.[1] For separation, a linear gradient of MeOH
(10–50%, v/v) in H2O over 15 min was used. The column was then
washed with MeOH (100%) for 5 min and equilibrated with MeOH
(10%, v/v) for 5 min. Detection was carried out by using a photo-
diode array detector; the results at 254 nm are illustrated in the
figures in this paper.
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Catalytic Promiscuity of Halohydrin Dehalogenase and its Application in
Enantioselective Epoxide Ring Opening


Ghannia Hasnaoui-Dijoux,[a] Maja Majerić Elenkov,[a] Jeffrey H. Lutje Spelberg,[a] Bernhard Hauer,[b] and
Dick B. Janssen*[a]


The catalytic promiscuity of some enzymes is thought to play
an important role in the evolution of new catalytic activities,
and can be used to apply enzymes in unnatural reactions of
synthetic importance.[1] However, unnatural enzyme-catalyzed
reactions are often slow and most documented cases concern
hydrolytic conversions instead of synthetic reactions. The enan-
tioselectivity of promiscuous enzymes also may be low. Here,
we report that an unusual dehalogenase that has recently
been explored structurally and mechanistically[2] can accept at
least nine different anionic nucleophiles in enantioselective
ACHTUNGTRENNUNGepoxide ring-opening reactions that are catalyzed by this
enzyme. This enables the preparation of a broad range of
highly enantioenriched b-substituted alcohols and epoxides by
kinetic resolution.


Halohydrin dehalogenase (HheC) from the epichlorohydrin
degrading bacterium Agrobacterium radiobacter AD1 catalyzes
the dehalogenation of 1,3-dichloropropanol and 1-chloropro-
pane-2,3-diol to produce an epoxide and HCl. Recently solved
X-ray structures of HheC with various ligands revealed that the
active site consists of a binding site for the epoxide and a
ACHTUNGTRENNUNGspacious halide-binding pocket,
and provided insight into the
catalytic mechanism and cause
of enantioselectivity of the
enzyme.[2] The dehalogenase
also catalyzes the reverse re-
ACHTUNGTRENNUNGaction: ring opening of epox-
ides.[3] Nucleophilic epoxide ring
opening is a powerful way to
produce b-functionalized alco-
hols, which can be applied in
the synthesis of pharmaceuti-
cals and biologically active com-
pounds.[4] Considering that such
compounds are often required
as pure enantiomers, enantio-
and regioselective epoxide ring-
opening reactions have been


studied intensively, for example with the use of chiral metal
catalysts.[5] So far, few nucleophiles have been used for epoxide
ring opening, apart from water, halides, azide, and cyanide.[6]


We explored the catalytic versatility of HheC in epoxide ring
opening by determining the products that are formed upon in-
cubation of the enzyme with a series of different nucleophiles
and 1,2-epoxybutane (5 mm) in buffer. Conversion was ob-
served with Br� , Cl� , I� , CN� , NO2


� , N3
� , OCN� , SCN� , and


HCOO� . No reaction (epoxide conversion less than
0.05 mmolmin�1mg�1) occurred with nonanionic nucleophiles
(primary alcohols and amines), and with the sulfur-containing
compounds H2S, SO3


2�, SO4
2�, and S2O5


2�. Acetic acid, chloro-,
bromo-, and iodoacetic acid, 2-chloropropionic acid, malonic
acid, PO4


2�, BO3
3�, PO4


2�, CO3
2�, H2O2, ClO4


� , and F� were also
not accepted. A low conversion rate (0.1 mmolmin�1mg�1) was
obtained with NO3


� . This indicates that the enzyme can accept
a range of monovalent anions with a linear shape.


In order to determine the rate of 1,2-epoxybutane conver-
sion and monitor product formation, epoxybutane was incu-
bated in a buffered solution at pH 7.5 with each accepted nu-


cleophile and HheC. The rate of epoxybutane conversion was
very much dependent on the nucleophile used, but with calcu-
lated kcat values of 2–100 s�1 for most substrates the enzyme is
sufficiently active for preparative application (Table 1). Azide
gave the highest reaction rates. For the other nucleophiles, the
initial activities were lower even when their concentrations
were saturating, but the values still fall in the range of synthet-
ically useful enzymatic activities. For product identification, all
expected products and their regioisomers were chemically syn-
thesized according to literature procedures, and were subse-
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Supporting information for this article is available on the WWW under
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Table 1. Catalytic activity of halohydrin dehalogenase HheC in the nucleophilic ring opening of epoxybutane.


[a] Nucleophile Concentration
[mm]


Activity[b]


ACHTUNGTRENNUNG[s�1]
Conversion
[%]


eep
[%]


E
value[c]


Regioselectivity
[% terminal]


1 N3
� 10 160 30 90 28 99


2 NO2
� 10 18 26 96 28 97


3 CN� 10 2.5 30 90 28 99
4 Cl� 100 1.8 45 8 –[d] 89
5 Br� 100 0.93 45 6 –[d] 86
6 I� 100 3.2 42 11 –[d] 96
7 OCN� 100 1.9 27 90 24 >99
8 SCN� 100 1.9 27 n.d.[e] 24 >99
9 HCOO� 100 0.61 32 90 31 94


[a] Product structures are shown in Scheme 1. [b] Initial activities (kcat) per tetramer measured with rac-epoxy-
butane [5 mm] . [c] E values were calculated from the enantiomeric excess of the substrate (eeS) and conversion
according to the formula E= [ln ACHTUNGTRENNUNG[(1�c) ACHTUNGTRENNUNG(1�eeS)]/ ACHTUNGTRENNUNG[(1�c) ACHTUNGTRENNUNG(1+eeS)] . The faster reacting enantiomer with all nucleo-
philes was the R epoxide. [d] E values could not be determined from conversion and ee due to the reversibility
of the reaction. [e] Not determined.
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quently used as standards in GC analysis. In the enzyme-cata-
lyzed reaction, all nucleophiles attacked predominantly at the
less substituted carbon of 1,2-epoxybutane (terminal position),
and in all cases there was a strong enantiopreference for the R
epoxide; this resulted in the formation of enantioenriched
1-substituted butan-2-ols with retained R configuration
(Scheme 1).


Ring opening of epoxybutane with azide yielded the expect-
ed (R)-1-azidobutan-2-ol (1). Besides epoxybutane, several sty-
rene oxide derivatives were azidolyzed by HheC with high
enantioselectivity and almost complete terminal regioselectivi-
ty (Scheme 2); this is contrary to what is observed in noncata-
lyzed azidolysis of epoxides that bear an aromatic substituent,
and in which the benzylic position is attacked.[3b,7]


Nitrite is an ambident nucleophile that could perform nucle-
ophilic attack on the epoxide ring either through its nitrogen
or oxygen atoms. The HheC-catalyzed ring opening of epoxy-
butane in the presence of nitrite resulted in a mixture of nitrite
ester, which is formed by oxygen attack and undergoes hydrol-
ysis to butane-1,2-diol (46%), and 1-nitrobutan-2-ol (54%),
which is formed by nitrogen attack. Ring opening of styrene
oxide derivatives proceeds mainly by oxygen attack to give
1,2-diols via unstable nitrite esters; this causes HheC to act as
an alternative epoxide hydrolase.[8] The result with the aliphatic
epoxide shows that HheC can also be used for the production
of optically pure nitroalcohols, which are attractive inermedi-
ates for preparing optically active aminoalcohols. The highly
enantio- and regioselective conversion that was found with
2,3-epoxyheptane made it possible to obtain the nitro com-
pound in high yield (Scheme 2); this also indicates that the
substrate range of the enzyme is not restricted to terminal
ACHTUNGTRENNUNGepoxides.


Ring opening with cyanide yielded enantioenriched (R)-1-
ACHTUNGTRENNUNGcyanobutan-2-ol (3) ; this confirms that HheC is capable of en-
ACHTUNGTRENNUNGantioselective carbon–carbon bond formation. Despite lower
ACHTUNGTRENNUNGreaction rates with cyanide than with either azide or nitrite,
some epoxides, especially aliphatics, could be converted effi-
ciently with good to excellent enantioselectivities and yield
(Table 1, Scheme 2).[9] Epoxide ring opening with cyanide was
observed earlier with a different dehalogenase.[10] One of the
possible applications of halohydrin dehalogenation and cya-
nide-mediated epoxide ring opening is in the synthesis of the
side chain of the cholesterol-lowering agent atorvastatin. For
this process HheC was optimized by directed evolution.[11]


Ring-opening reactions of epoxybutane with Cl� , Br� , and I�


led to equilibrium mixtures with equilibrium constants of
0.007, 0.0025, and 0.01 mm


�1, respectively. This means that the
formation of epoxides from halohydrins was favored over


halide-mediated epoxide ring opening. Since race-
mic halohydrins are easily available and in view of
the equilibrium constants it is more practical to use
HheC for ring closure reactions of halohydrins than
for halide-mediated epoxide ring opening. This was
recently explored in tandem reactions.[12] Of the hal-
ides, fluoride showed no reactivity.


Ring opening of 1,2-epoxybutane with cyanate
yielded (R)-5-ethyl-oxazolidin-2-one (7) as the sole
product. Both nitrogen and oxygen attack would
lead to the same product since organic cyanates
rapidly undergo isomerization to form the more
stable isocyanates,[13] which subsequently cyclize to
form the corresponding oxazolidinones. Since no in-
termediates were found, the cyclization step must
occur at a high rate. This reaction can yield a route
to enantiopure oxazolidinones, which are convenient
precursors for the production of amino alcohols and
amino acids, and are used as chiral auxiliaries in
aldol condensations. Highly enantioenriched (R)-5-
methyl-5-ethyloxazolidinone was isolated in good
yield (Scheme 2). Oxazolidinones have also attracted
interest for their antibacterial activity, particularly


Scheme 1. Conversions catalyzed by the halohydrin dehalogenase from
Agrobacterium radiobacter AD1 (HheC).


Scheme 2. Examples of highly enantioselective epoxide ring-opening reactions catalyzed
by halohydrin dehalogenase.
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toward multidrug resistant Gram positive bacteria, as is the
case for the commercialized antibiotic linezolid.[14]


With thiocyanate and epoxybutane, the sole product of the
enzymatic reaction was (R)-1-isothiocyanatobutan-2-ol (8) ; this
shows that attack took place via the sulfur atom. The product
of a nitrogen attack, which would cyclize to form 5-ethyl-oxa-
zolidine-2-thione, was not detected; this confirms that thiocya-
nate attacked exclusively through the sulfur. As expected,[15]


compound 8 slowly rearranged nonenzymatically to 2-ethyl-
thiirane. Formation of 2-ethylthiirane was accompanied by re-
lease of OCN� , which further reacted with 8 to give unidenti-
fied side products. Thiocyanatohydrins and thiiranes can both
be used in the preparation of fragrance compounds.[16]


Upon reaction of 1,2-epoxybutane with formate both re-
gioisomers of hydroxybutyl formic acid ester were formed, and
subsequently hydrolyzed to 1,2-butanediol. Determination of
the ee and absolute configuration of the formed diol indicated
that formate mainly attacked the a (terminal) carbon of the
ACHTUNGTRENNUNGepoxide ring and that the other regioisomer was formed by
transesterification.


The above inventory of the nucleophile promiscuity of the
halohydrin dehalogenase HheC indicates that the enzyme ac-
cepts a range of halides and small negatively charged nucleo-
philes that are often referred to as pseudohalides (Scheme 1).
The size and the shape of a nucleophile determine its accept-
ance by HheC, which is in agreement with the presence of a
well-defined occluded anion-binding site observed in the X-ray
structure of the enzyme. The accepted, more voluminous nu-
cleophiles, such as the triatomic anions nitrite, azide, cyanate,
and thiocyanates, have the same linear or slightly bent shapes.
Although formate deviates from this common shape it is ac-
cepted by HheC; this shows that the enzyme can accommo-
date an additional hydrogen, but not larger atoms, such as the
extra oxygen of a carbonate. These features also explain why
anions such as phosphate, borate, and perchlorate were not
accepted. Besides the shape and size of the nucleophile, the
negative charge appears to be essential for activity of HheC. In
view of this, it is not surprising that small species, such as hy-
drogen sulfide or water, displayed no activity. Structural inspec-
tion also suggests that the nucleophiles attack at the terminal
carbon of the epoxybutane—it is closer to the nucleophile-
binding site than the carbon atom that bears the more bulky
R substiuent.[2] Nevertheless, we have identified 2,3-epoxyhep-
tane as a substrate; this indicates that activity is not restricted
to terminal epoxides.


The conversions described here show that halohydrin deha-
logenase has the unique capacity to form carbon–halogen,
carbon–oxygen, carbon–sulfur, and carbon–carbon bonds. The
products formed during epoxide ring opening are of high ee
and can be obtained in good yield (Scheme 2); therefore the
enzyme could find wide application in the preparation of
enantiopure b-functionalized alcohols from or via epoxides.
Azido-, cyano-, and nitroalcohols can be used as precursors for
the preparation of aminoalcohols, which are highly versatile
starting materials for the synthesis of biologically active mole-
cules. Isothiocyanates, thiiranes, and oxazolidinones find
ACHTUNGTRENNUNGapplications in agrochemicals, pharmaceuticals, and polymer


chemistry. The remarkable catalytic promiscuity of halohydrin
dehalogenase illustrates the potential of bacteria that degrade
halogenated environmental pollutants as a source of useful
ACHTUNGTRENNUNGindustrial enzymes.


Experimental Section


Halohydrin dehalogenase from Agrobacterium radiobacter AD1
(HheC, GenBank accession no. AF397296) was isolated from a re-
combinant E. coli as described previously.[3b] Screening for nucleo-
philes for HheC was carried out by the addition of purified enzyme
(10 mm final concentration) to a mixture of racemic 1,2-epoxybu-
tane (25 mm) and the nucleophile (25 mm) in Tris·SO4 buffer (2 mL,
100 mm, pH 7.5, containing 0.5% (v/v) DMSO to facilitate solubiliza-
tion of the epoxide). After 2 h the reaction mixture was extracted
with diethyl ether containing 1-chlorohexane as the internal stan-
dard. Samples were dried over MgSO4 and analyzed by GC. To
ACHTUNGTRENNUNGdetermine initial rates, enantioselectivities, and the nature of the
formed products, reactions were performed with epoxybutane
(5 mm) in Tris·SO4 (20 mL, 100 mm, pH 7.5) containing an appropri-
ate concentration of the sodium salt of an anionic nucleophile (10–
100 mm). After addition of enzyme, samples were collected at reg-
ular time intervals, extracted with diethyl ether, dried with MgSO4,
and analyzed by chiral GC. GC conditions and analytical details for
products are given in the Supporting Information.
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A Simple Method for Preparing Peptide C-Terminal Thioacids and Their
Application in Sequential Chemoenzymatic Ligation


Xiao-Hong Tan, Xiaohong Zhang, Renliang Yang, and Chuan-Fa Liu*[a]


Peptide Ca-thioacids are important and versatile building
blocks for peptide and protein synthesis. Besides their early ap-
plications in segment condensation,[1–3] these compounds have
also been used in chemoselective ligation with a bromoaceto-
peptide to form a pseudopeptidic thioester[4] or in “mini”-thiol
capture ligation to form a native peptide bond[5] in the ligated
product. More recently, the thioacid functionality has also been
shown to react with a suitable azido moiety to form an amide
linkage.[6] However, the difficulty in obtaining peptide thioacids
synthetically has severely limited their use in peptide and pro-
tein chemistry. Unlike peptide thioesters for which many syn-
thetic methods have been developed for both Boc and Fmoc-
solid-phase synthesis,[7] only a few methods have been report-
ed so far for the synthesis of peptide C-terminal thioacids.[1, 2,8]


All of these methods are based on Boc synthesis, and those
that have proven practically useful[1,2,8a,b] rely on the same
chemistry, which was originally developed by Blake, et al.[1, 2]


This chemistry requires a special thioester benzhydryl linker
that is not commercially available, and the use of hydrogen
fluoride for final deprotection and cleavage. The yield is usually
not high because, being a supernucleophile, the thioacid
group is susceptible to nucleophilic attacks by the cationic
electrophiles that are released during the final cleavage.
Herein, we report a simple and efficient method to produce
peptide C-terminal thioacids through hydrothiolysis of thioest-
ers (Scheme 1). More importantly, because a thioacid group


might not be recognized and hydrolyzed by subtiligase, it
would be orthogonal to the subtiligase-catalyzed ligation
chemistry.[9, 10] This would make it possible to conduct sequen-
tial chemoenzymatic ligation through alternate use of mini
thiol capture and enzymatic ligations.


We first tested the hydrothiolysis reaction in a simple system
with a small peptide thioester, Ac-HAAPF-SACHTUNGTRENNUNG(CH2)2-CO2H, which
had been prepared by an enzymatic method.[11] Treatment of
this thioester peptide (ca. 0.7 mm) with NaSH ([SH�]: ca.


120 mm) in 1m phosphate buffer (pH 9) at 42 8C for 2 h led to
near quantitative conversion to the thioacid (Figure 1, trace 2);
only a very small fraction was hydrolyzed to the peptide acid
(peak c at ~12.5 min, trace 2).


We also conducted the reaction at different pH and temper-
ature. At 23 8C, the hydrothiolysis rate decreased significantly
(Figure 2A). However, the hydrolysis rate also decreased ac-
cordingly; for example, at 23 8C and pH 9, the reaction with
NaSH for 7.5 h gave ca. 90% thioacid while the hydrolysis
product was almost undetected (<1%) by HPLC. Prolonging
the reaction to 10 h led to near complete conversion of the
thioester to thioacid (ca. 98%) with only a small amount of
ACHTUNGTRENNUNGhydrolysis product (<2%). Increasing the pH (from pH 8 to 10)
also increased the reaction rate (Figure 2A). It became practi-
cally difficult to conduct the reaction at pH 7 or below because
of escape of H2S from the reaction medium. Therefore for prac-
tical reasons, the reaction was performed at pH 8.5–9 in subse-
quent experiments. Na2S was also an excellent reagent for this
reaction; it gave just a slightly slower reaction than did NaSH
(Figure 2B). (NH4)2S was comparable to Na2S under the same
reaction conditions (data not shown). It is not surprising that
similar results were obtained with these different sulfide com-
pounds because at these pHs, the hydrosulfide ion HS� ought
to be the effective exchange agent considering the pKa value
of H2S (pKa1=6.9, pKa2=17.1.[12])


To demonstrate the general utility of this method, we pre-
pared a number of peptide thioesters and tested these in the
hydrothiolysis reaction. The results are summarized in Table 1.
Peptides 1, 2 and 4 contain a sterically hindered amino acid
residue with a b-branched side chain at the C terminus. Yet the
hydrothiolysis of these peptide thioesters all proceeded cleanly
to give the corresponding thioacids in excellent yields. The C-
terminal residues in peptides 3, 5 and 6 are less hindered, and
the reactions with these peptides took shorter times to com-


Scheme 1. Conversion of peptide thioester to thioacid through hydrothioly-
sis in aqueous buffer.


Figure 1. HPLC profile of the starting material, Ac-HAAPF-S-(CH2)2-COOH
(trace 1) (m/z [M+H]+ found 671.7, MW calcd: 672.5), and of the hydrothio-
ACHTUNGTRENNUNGlysis reaction mixture at 2 h (trace 2). peak b is the product, Ac-HAAPF-SH
(m/z calcd. : 599.6 [M+H]+ ; found: 600.4).


[a] X.-H. Tan, X. Zhang, R. Yang, Prof. C.-F. Liu
Division of Chemical Biology and Biotechnology
School of Biological Sciences, Nanyang Technological University
60 Nanyang Drive, Singapore 637551 (Singapore)
Fax: (+ 65) 6791-3856
E-mail : cfliu@ntu.edu.sg


Supporting information for this article is available on the WWW under
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plete. It is worth noting that all these peptides had unprotect-
ed side chains, and therefore had good solubility in aqueous
buffer. Again, as in the model study shown in Figure 1, only a
very small amount of hydrolysis was found for all the hydro-
thiolysis reactions in solution (entries 1–6), and no other side
reactions were detected by HPLC. We also found that the re-
ACHTUNGTRENNUNGaction could be conducted under denatured conditions, such
as in the presence of high concentrations of urea or guanidi-
ne·HCl. For instance, hydrothiolysis of peptide 1 was also per-
formed in the presence of 8m urea, which gave clean forma-
tion of the thioacid product (data not shown). This would be
useful for long hydrophobic peptides that tend to aggregate
in aqueous buffer under native conditions.


A solid-phase hydrothiolysis reaction was also attempted on
a resin-bound peptide thioester (Table 1, entry 7). The peptide
was synthesized by using Boc chemistry and a mercaptopro-
pionyl linker between the peptide and amino-functionalized
NovaSyn TG resin. Final deprotection with TFMSA/TFA removed
all side-chain protecting groups without cleaving the peptide
from the resin. Treatment of the peptidyl resin with 0.2m


(NH4)2S in 1m phosphate buffer
(pH 9) for 3 h at 42 8C cleaved
30–40% of the peptide from
the resin based on a quantita-
tive ninhydrin test[13] before and
after cleavage. The thioacid
product represented approxi-
mately 50% of mass in the
crude peptide mixture, and an
additional ca. 15% was the hy-
drolysis product (Supporting In-
formation). Longer incubation
improved peptide release just
appreciably, but led to signifi-
cantly more hydrolysis. Inclusion
of a cosolvent such as DMF or
dioxane did not improve the re-
action, nor did the use of Na2S
or NaSH. This less satisfactory
result is apparently due to the
poor water-swelling ability of
the resin, which is based on the


hydrophobic polystyrene that is grafted with PEG.
An obvious application of the prepared peptide thioacids is


the use as the acyl component building blocks for the “mini”-
thiol capture ligation strategy,[5] so-named after the template-
assisted prior thiol capture ligation strategy that was devel-
oped by Kemp.[14] This ligation approach works in two steps:
1) specific capture of the thioacid sulfhydryl of the acyl peptide
by an Npys-modified N-terminal Cys residue of the amine com-
ponent peptide to bring the two peptide components togeth-
er through a covalent acyl disulfide linkage. The capture step
is usually conducted in an acidic buffer (pH 2–4) and finishes
almost instantaneously; 2) intramolecular S,N-acyl transfer via a
six-member ring intermediate, which leads to the formation of
an amide bond upon adjusting the pH to 5–6.[5] A natural Cys
residue is regenerated upon addition of a reducing agent such
as tris(2-carboxyethyl)phosphine or dithiothreitol at the end of
the reaction. We also realized that the hydrothiolysis reaction
might also render an otherwise subtiligase-sensitive thioester
bond to a subtiligase-insensitive thioacid group because a
negatively charged thiocarboxylate is unlikely to be recognized


Figure 2. Thioacid formation under different reaction conditions. Reaction was conducted with 0.7 mm Ac-HAAPF-
S-(CH2)2-COOH and NaSH or Na2S (120 mm effective hydrosulfide ion). Yield was based on HPLC analysis at
220 nm.


Table 1. Thiol-acid formation reaction.[a]


No Peptide thiolester starting material Peptide thioacid product
Sequence Thioester component Yield[b] [%] MW calcd m/z [M+H]+ found


1 H-FSKLAV -S-(CH2)2-CONH2 96 (4 h) 679.4 680.4
2 H-FSKLAI -S-(CH2)2-CONH2 90 (4 h) 693.4 694.5
3 H-AFSKL -S-(CH2)2-CONH2 95 (2 h) 580.3 581.4
4 Ac-LVKEI -S-(CH2)2-CONH2 85 (8 h)[c] 658.4 659.3
5 Ac-HAAPF -S-(CH2)2-COOH 92 (2 h) 599.3 600.4
6 H-TKGSAYSGKLEEFVQ -S-(CH2)2-COOH 94 (3.5 h) 1658.8 1660.0
7 H-SGEYSKGDVSPNIQA -S ACHTUNGTRENNUNG(CH2)2CO-NH-NovaSyn TG resin 15-20 (3 h)[d] 1566.7 1567.5


[a] Reaction condition: thioester peptide (0.7-1 mm), NaSH (120 mm effective hydrosulfide ion in 1m sodium phosphate buffer, pH 9) at 42 8C except for
ACHTUNGTRENNUNGentries 4 and 7. [b] Yield was based on HPLC ananlysis and numbers in the brackets are the reaction time. [c] Na2S (120 mm effective hydrosulfide ion in
1m sodium phosphate buffer, pH 9) at 23 8C. [d] (NH4)2S (0.2m in 1m phosphate buffer, pH 9) at 42 8C.
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by subtiligase[9,10] as the substrate for hydrolysis. As a result, a
thioacid peptide with a suitably free N terminus can be used
as the amine nucleophile substrate for subtiligase-catalyzed
peptide ligation while keeping the thioacid functionality intact.
This makes it possible to perform sequential chemoenzymatic
ligation in alternate mini-thiol capture and enzymatic ligation
steps. To demonstrate the feasibility of this sequential chemo-
enzymatic ligation scheme, a model peptide was synthesized
by three consecutive steps of chemical and enzymatic ligation
in the N-to-C direction (Scheme 2).


Therefore, when the thioacid peptide I, Ac-EL6-CO-SH, was
ligated with the Npys-modified peptide glycolate ester, H-C-
ACHTUNGTRENNUNG(Npys)F10-CO-Oglc-FG-NH2 (peptide II), ~60% ligation product
was obtained after a 20 min ligation reaction (Figure 3,
trace 1). Because the newly formed ligation product, Ac-EF16-
CO-Oglc-FG-NH2 contains a substiligase-recognizable C-termi-
nal glycolate ester moiety, it could then be used in a second,
subtiligase-catalyzed enzymatic ligation step with peptide III,
H-AFSKL-COSH (or H-AL5-COSH), which contains a C-terminal
thioacid (Figure 3, trace 2). The ligation product, Ac-EL21-
COSH was obtained in ca. 75% yield after 2 h reaction (trace 2,
peak g). Only a small amount of the ligated peptide Ca-thioacid
product was hydrolyzed to give the peptide Ca-carboxylic acid
(trace 2, peak f) during the course of the enzymatic reaction.
On the contrary, when the corresponding peptide thioester, H-
AFSKL-CO-SCH2CH2CONH2 was used as the amine nucleophile
for the enzymatic reaction, almost all the thioester bond in the
ligated product was hydrolyzed (data not shown). This result
demonstrated the advantage of having a C-terminal thioacid


instead of a thioester for such a tandem chemoenzymatic liga-
tion scheme, because the surviving thioacid group would
allow another step of mini-thiol capture ligation. Indeed, the
new thioacid peptide, Ac-EL21-COSH, was ligated again with a
fourth peptide segment, H-C ACHTUNGTRENNUNG(Npys)F10-CO-Oglc-FG-NH2, to
give Ac-EF31-CO-Oglc-FG-NH2 in 90% yield after a 20 min reac-
tion (Figure 3, trace 3). One should note that the free thiol
from the internal Cys residue in Ac-EL21-COSH did not inter-
fere with mini-thiol capture ligation because it is much less nu-
cleophilic and less reactive than the thioacid at the acidic oper-
ating pH of the capture step. With the presence of the C-termi-
nal glycolate ester bond in the new ligation product, in princi-
ple, this sequential chemoenzymatic ligation scheme can still
continue to proceed with a new enzymatic ligation step.


As a soft electrophile, a thioester has the unique ability to
react with a soft nucleophilic thiol to form a new thioes-
ter.[15–21] This thiol–thioester exchange reaction has been ex-
ploited in the development of powerful chemoselective liga-
tion methods for protein synthesis.[19–21] What we have demon-
strated herein is that when a hydrosulfide ion is used instead
as the thiol source, the exchange reaction forms a thioacid as
the hydrothiolysis product of the thioester. Since peptide thio-
esters can now be prepared by the user-friendly Fmoc-SPPS,
this method will allow one to prepare peptide thioacids with-
out having to use the Boc-chemistry method that was men-
tioned earlier, and hence the HF cleavage step, which requires
a special apparatus that is not available in many research labo-
ratories. We have further demonstrated that by using peptide
thioacids and peptide glycolate esters as building blocks it is


possible to conduct alternate
mini-thiol capture and enzymat-
ic ligations. Using the two meth-
ods in such a combination offers
several distinct features. First,
the mini-thiol capture ligation is
highly efficient and operates at
a weakly acidic pH. The ligation
reaction usually completes in
less than 20 min for peptide
ACHTUNGTRENNUNGthioacids with, for example, a C-
terminal Ala or Phe residue. His-
torically, a drawback of mini-
thiol capture ligation has been
associated with obtaining the
thioacid building block. Now,
the hydrothiolysis method re-
ported herein provides a simple
method for the preparation of
peptide thioacids. Recently, we
have applied mini-thiol capture
ligation in the synthesis of a his-
tone protein H3 and its ana-
logues.[22] Second, subtiligase is
known to have relatively broad
substrate specificity.[9,10] This
provides one with more flexibili-
ty to choose a suitable ligationScheme 2. Synthesis of a model peptide by a three-step sequential chemoenzymatic ligation.
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site. The utility of subtiligase in enzymatic protein synthesis
was highlighted in the synthesis of a ribonuclease analogue.[10]


Third, because the thioacid functionality is orthogonal to subti-
ligase-catalyzed ligation and the glycolate ester is orthogonal
to mini-thiol capture ligation, no temporary N or C-terminal
protecting groups are needed for the intermediate building
blocks in this N-to-C sequential chemoenzymatic ligation strat-
egy, and the newly isolated ligation product from any of the
intermediate steps can be used directly for subsequent ligation
in the following step. Although our model study demonstrated
the synthesis of only a medium-sized peptide, we believe that
with the proven value of subtiligase and mini-thiol capture li-
gation, such combined use of chemical and enzymatic meth-
ods holds great promise in synthetic protein chemistry.


In conclusion, the hydrothiolysis reaction of peptide thioest-
ers in aqueous solution provides a convenient and highly effi-
cient method for the preparation of peptide thioacids. Since
peptide thioesters can be easily obtained from the various cur-
rently available synthetic methods, this reaction can potentially
become the method of choice for the preparation of peptide


thioacids that are the key building blocks for peptide and pro-
tein synthesis by using, for example, mini-thiol capture liga-
tion. Furthermore, the stability of a thioacid group to subtili-
gase makes it possible to conduct sequential chemical and en-
zymatic ligations of unprotected peptide segments. This is the
first time that an enzymatic ligation method and a chemical
ACHTUNGTRENNUNGligation method have been used in combination, and the syn-
thesis of a model medium-sized peptide has demonstrated the
feasibility of this sequential chemoenzymatic ligation strategy
and points to its potential in protein synthesis. The results that
were obtained herein are likely to stimulate the development
of novel protein synthesis strategies based on the use of pep-
tide thioacids in the future.
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Despite the fact that natural products represent a very impor-
tant source of drugs in several therapeutic fields such as anti-
infective agents and cancer therapy, the development of natu-
ral product based drugs is often hampered by their structural
complexity. This fact precludes facile total synthetic access to
analogues or the development of natural product libraries.
Therefore, semisynthetic and biotechnological approaches are
commonly pursued in pharmaceutical research and develop-
ment.[1] A very interesting strategy combines chemical semi-
synthesis with biosynthesis using genetically engineered mi-
croorganisms, a technique termed mutational biosynthesis or
mutasynthesis (Figure 1).[2,3] Recently, mutasynthesis has expe-


rienced a renaissance as the number of fully sequenced bio-
synthetic gene clusters of pharmaceutically potent natural


products has substantially increased, setting the stage for
easier creation of specific blocked mutants and therefore effi-
cient access to modified drug candidates.[4])


Maytansine (1; Figure 2), first isolated from the Ethiopian
plant Maytenus serrata,[5] and the related ansamitocins P-1, P-2,
P-3 (2), and P-4 (3)[6, 7] are highly potent antitumor compounds


of microbial origin (Actinosynnema pretiosum). They consist of
a 19-membered macrolactam ring and differ in the side chain
at C3. These ansamycin antibiotics inhibit the growth of vari-
ous leukemia cell lines as well as human solid tumors at very
low concentrations (10�3–10�7 mgmL�1). Clinical development
of these antitumor agents was stopped in phase II[8] owing to
gastrointestinal side effects and neurotoxicity.[9] Total synthetic
approaches to analogues of maytansinoids have been pursued
but have not provided any new insight into their structure–
activity relationships.[10] Nevertheless, there is continued inter-
est in maytansinoids as highly toxic agents for use in antibody
conjugates, and they have performed well as immunoconju-
gates in phase I studies.[11]


The present high interest in the maytansinoid family fuels
the new search for analogues not previously obtained by
either synthesis or semisynthesis. The producing microorgan-
ism creates ansamitocins through biosynthetic machinery typi-
cal for bioactive polyketides, in which the polyketide chain is
assembled on a modular polyketide synthase (PKS) and further
modifications are made by additional decorating enzymes. The
biosynthesis of 2 is primed by a starter unit that originates
from a different biosynthetic pathway, which is an ideal situa-
tion to access new analogues by a mutasynthetic approach.[2b]


In the present case, 3-amino-5-hydroxybenzoic acid (AHBA, 4)
is the starter unit that originates from a shikimate-type biosyn-
thetic pathway (Scheme 1),[12] so that blocked mutants can be
generated without affecting the modules of the polyketide
biosynthetic gene cluster (PKS 1). Therefore, we initiated a


Figure 1. The concept of mutational biosynthesis : A= starting substrate, B–
D=biosynthetic intermediates, E=natural product, B*–D*=modified bio-
synthetic intermediates, E*=modified natural product ; a–d=enzymes.
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Supporting information for this article is available on the WWW under
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Figure 2. Structures of maytansine (1) and ansamitocins P-3 and P-4 (respec-
tively 2 and 3).
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ACHTUNGTRENNUNGresearch program[13] dedicated to synthetically exploiting the
AHBA-blocked mutant of the ansamitocin P-3 producer, Actino-
synnema pretiosum (HGF073; Scheme 1).[12a] Herein we describe
the generation of highly active ansamitocin analogues by the
combination of chemical synthesis and biosynthesis.


Experimental Section


We chose to feed a series of 3-aminobenzoic acid derivatives
that varied in the functionality at the 5- position (compounds
6–12) or contained an additional oxy group at C2 (compound
13) (Figure 3). Additionally, we prepared and fed the 4-func-
tionalized 3-aminobenzoic acid derivatives 14–23, which lack


the hydroxy group at C5. Related
to these examples are benzoic
acids 24 and 25, which are func-
tionalized at C6 instead of C4. N-
Acetylcysteamine (SNAC) ester 5,
an AHBA-coenzyme A mimic,
was also prepared. Mutant
HGF073, which is blocked in the
biosynthesis of AHBA,[12a] supple-
mented with aminobenzoic acid
4 and the corresponding SNAC
ester 5, produced amounts of
AP-3 similar to those of the wild-
type ACHTUNGTRENNUNGfermentation (60–
70 mgL�1).[13a] No AP-3 was de-
tected in the ACHTUNGTRENNUNGextracts of the fer-
mentation of HGF073 without
supplementation. Clearly, AHBA
(4) is first transformed into the
aryl adenylate, which then is at-
tacked by the thiol group of 4’-
phosphopantetheine to form the


enACHTUNGTRENNUNGzyme-bound thioester.[14]


Each of the benzoic acids and SNAC derivatives 6–25 were
then fed to growing cultures of Actinosynnema pretiosum
mutant HGF073 according to the cultivation parameters A
(Supporting Information). Each time parallel fermentations
were carried out for comparison with the wild-type strain, the
mutant HGF073 supplemented with the respective AHBA ana-
logues and the ’natural’ AHBA, and without supplementation
to test the viability of strain HGF073. The cultures were har-
vested after seven days and extracted with ethyl acetate. The
extracts were subjected to high-resolution electrospray ioniza-
tion mass spectrometry (HR ESI-MS) for primary screening. The
crude extracts collected from mutasynthons 8, 9, and 14–17
clearly revealed m/z peaks for the suggested ansamitocin ana-
logues. Interestingly, ethyl- and allyl ACHTUNGTRENNUNGderivatives 10 and 12,
which are closely related to methyl derivative 8, were not pro-
cessed to any macrocycles. A 5-amino group as in 6 or 7 is not
tolerated, and mutasynthon 13 bearing an additional oxy func-
tionality at position 2 also failed to be transformed into any
products or advanced intermediates. The same observation ap-
plies to the 4-iodo-, 4-methoxy-, 4-methyl-, 4-hydroxy-, and 4-
aminobenzoic acids 18–23, as well as 6-substituted aminoben-
zoic acids 24 and 25. On the basis of these analytical results,
fermentations with supplemented benzoic acid derivatives 8
and 14, 16, and 17 were repeated with cultures of Actinosynne-
ma pretiosum mutant HGF073 (cultivation parameters B, Sup-
porting Information) on a larger scale to obtain sufficient
amounts of new AP-3 derivatives (Scheme 2).


Indeed, mutasynthon 8 was efficiently processed to 19-des-
ACHTUNGTRENNUNGchloroansamitocin P-3 (26).[15] The corresponding D3-methoxy
ACHTUNGTRENNUNGderivative was converted into D3-26, proving that 8 is com-
pletely incorporated intact. Adding 3-amino-4-halobenzoic
acids 14, 16, and 17 to growing cultures of mutant HGF073
(cultivation parameters B, Supporting Information) afforded the
corresponding demethoxy-AP-3 analogues 27–29, which were


Scheme 1. The principal biosynthetic pathway of ansamitocin P-3 (2). Codes in parenthesis refer to corresponding
genes.


Figure 3. AHBA (4), SNAC compound 5, and mutasynthons 6–25 fed to
strain HGF073.


1058 www.chembiochem.org B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 1057 – 1060



www.chembiochem.org





isolated as pure compounds by applying HPLC purification
procedures. These primary mutasynthetic experiments point
out that modifications at the 2- and 6-positions of the amino-
benzoic acid are not tolerated by the biosynthetic apparatus.


In principle, mutasynthesis not only provides new natural
product analogues for testing their biological properties but
can serve to introduce new functional groups for further
chemical derivatization (semisynthesis) as shown in Figure 4.


To illustrate this combined approach, the brominated product
29 was used as substrate for a Pd-catalyzed Stille reaction, be-
cause Stille coupling proceeds under almost neutral conditions,
unlike other Pd-catalyzed C�C coupling procedures such as
the Heck–Mizoroki and Suzuki–Miyaura reactions. We were de-
lighted to find that the coupling of tributylvinyl stannane with
the brominated ansamitocin 29 proceeded in excellent yield.
After chromatographic purification, 20-demethoxy-19-vinyl
AP-3 (30) (1.3 mg, 2.2 mmol) was isolated as pure material
(Scheme 3)


For the detailed evaluation of their biological profile as anti-
cancer agents, the new derivatives were used to treat cultured
human tumor cell lines; all showed strong antiproliferative
ACHTUNGTRENNUNGactivity, with IC50 values in the single-digit pmolmL�1 range or
less (Table 1).


The 19-halogenated 20-demethoxyansamitocins 27–29 and
the vinyl derivative 30 were tested for their inhibitory effect on
cell growth of various cell lines in relative to AP-3.[16] 27–30
showed very strong activity against leukemia and ovarian
cancer cell lines. Lower activity was found against kidney
cancer cell lines. Thus, the introduction of different substitu-
ents onto the ansamitocins results in differential inhibitory
action toward these cell lines. In general, the 19-fluoro-20-de-
methoxyansamitocin 27 and similarly the vinyl derivative 30
are the most active compounds tested, apart from the natural
product 2. The activities of 28 and 29 and 20-demethoxyansa-
mitocin 26[15] are generally 3- to 50-fold weaker than that of
AP-3.


In conclusion, we have achieved the first mutasynthetic
preparation of new 19-deschloro (compound 26) and deme-
thoxy derivatives of AP-3 (compounds 27–29) in quantities suf-
ficient for testing and chemical modification. Furthermore, we
extended this type of “total synthesis” approach by combining
mutasynthesis and semisynthesis. All new derivatives showed
strong inhibitory effect on cell growth. Therefore, this muta-
ACHTUNGTRENNUNGsemisynthetic strategy has great potential for accessing com-
pound libraries of highly potent and complex natural products
like the ansamitocins.
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Scheme 2. Successful mutasyntheses with strain HGF073.


Scheme 3. Stille reaction of 19-bromo-20-demethoxy-AP-3 (29) with vinyl
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Table 1. Antiproliferative activity of 2 and 27–30.[a]


IC50 [pmolmL�1][16]


Cell line Origin 2 27 28 29 30


KB-3-1 cervix
carcinoma


0.17 0.31 0.58 0.46 0.67
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PC-3 prostate


carcinoma
0.055 0.059 0.20 0.15 0.17


SK-OV-3 ovarian
carcinoma


0.047 0.059 0.17 0.077 0.067


A-498 kidney
carcinoma


1.7 3.4 5.0 6.2 3.0


A-431 epidermoid
carcinoma


0.079 0.068 0.25 0.15 0.070


[a] The activity of 26 was published previously.[15]


Figure 4. The concept of a combined mutasynthesis–semisynthesis ap-
proach: A= starting substrate, B*–D*=modified biosynthetic intermediates,
E* and F*=modified natural products ; a–d=enzymes.
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Novel DNA Catalysts Based on G-Quadruplex Recognition


Zhuo Tang, Diana P. N. GonÅalves, Markus Wieland, Andreas Marx,* and Jçrg S. Hartig*[a]


Recently several approaches have been developed to exploit
the inherently selective duplex formation of complementary
DNA strands to promote chemical reactions at concentrations
that usually obviate efficient catalysis.[1] DNA-templated syn-
thesis is based on bringing small-molecule reactants in close
proximity through DNA conjugation and hybridization, and
thereby increasing the effective molarity, which significantly
ACHTUNGTRENNUNGaccelerates rates of chemical reactions. Several applications of
this approach, including compound discovery from synthetic li-
braries, reaction discovery, and nucleic-acid sensing, have been
described.[1] All of the depicted approaches have in common
the fact that the two reactants or a reactant and a catalyst are
covalently linked to two DNA or PNA strands and are subse-
quently brought to react by self hybridization or aligned
through hybridization. Roelfes and Feringa reported a Diels–
Alder reaction mediated by a catalyst intercalated into a DNA
duplex. Binding to the duplex resulted in good enantioselectiv-
ity of the reaction.[2] Poulin-Kerstien and Dervan employed
binding of two polyamides to double-stranded DNA (dsDNA)
to promote a 1,3-dipolar cycloaddition; this resulted in linked
polyamides.[2] Previously, we found that proline-modified DNA
acts as a catalyst in the aldol reaction between a complemen-
tary DNA-tethered aldehyde and various nontethered ke-
tones.[3] The formation of a Watson–Crick duplex between the
complementary DNA strands was essential for high catalytic
ACHTUNGTRENNUNGefficiency. Here, we show that small-molecule recognition that
is selective for a DNA secondary structure, instead of hybridiza-
tion, can be exploited to promote catalysis between two re-
ACHTUNGTRENNUNGactants that are not tethered to DNA.
Guanine-rich DNA sequences are prone to folding into tetra-


plex structures. Small molecules that bind to such G quadru-
plexes have recently received great attention since these nu-
cleic acid motifs seem to represent valuable pharmaceutical
targets. For example, the telomeres at the end of our chromo-
somes are composed of G-rich repeats that are able to fold
into quadruplex structures.[4] In addition, potential quadruplex-
forming sequences have been found to be enriched in pro-
moters of proto-oncogenes.[5] Interestingly, a variety of small
molecules that are known to bind to G tetraplexes have dis-
played antitumor activity.[6] Probably the best characterized
compounds are cationic porphyrins, in particular the tetrame-
thylpyridinium porphyrin TMPyP4.[7,8] Since it has been shown


that TMPyP4 is able to bind to different types of G quadruplex-
es we wondered whether we could exploit the small mole-
cule–quadruplex interaction to catalyze a DNA-templated reac-
tion that does not need the hybridization of two or more DNA
strands, with nontethered reactants. As proline[9] and prolina-
mide[10] have shown the extraordinary ability to catalyze aldol
reactions even in aqueous phase,[11] we wondered whether the
covalent attachment of a proline modification to a G-quadru-
plex DNA at an appropriate position would enable catalysis of
an aldol reaction between a ketone and a porphyrin-tethered
aldehyde (Scheme 1).
In order to test our hypothesis, we chose the 15-mer DNA


sequence of a thrombin-binding aptamer, d(GGTTGGTGTGGT-
ACHTUNGTRENNUNGTGG), which is known to fold into an antiparallel, chair-like
G-quadruplex structure in potassium-containing buffer solu-
tions.[12]


The porphyrin-tethered aldehyde 1 was easily synthesized
by starting from tris(4-pyridyl)-(4-aminophenyl)porphyrin,[13]


which was then conjugated to an aldehyde group by amide
bond formation (see the Supporting Information for details).
CD spectroscopy confirmed the presence of an antiparallel
quadruplex in the presence of porphyrin-tethered aldehyde 1
(Supporting Information). The occurrence of an intense nega-
tive peak at 421 nm and a positive peak at 445 nm upon addi-
tion of the aldehyde-containing porphyrin indicates a strong
interaction between the porphyrin and G quadruplex, due to
an induced CD signal from 1.[14] Having established the binding
of the aldehyde-modified porphyrin to the G quadruplex (for
detailed binding studies see the Supporting Information), we
attached a proline moiety—as a catalytically active functional
group—to the DNA. Since literature about the exact binding
mode of cationic porphyrins to the antiparallel quadruplex
DNA used here was not available, several positions for the at-
tachment of the catalytically active proline were tested. Proline
was tethered to multiple positions of the G quadruplex by
using commercially available amino modifiers and standard
solid-phase DNA synthesis, as described before.[3] Next, we
tested the catalytic ability of the proline-modified G quadru-
plexes for the ability to catalyze the reaction between acetone
and aldehyde 1 in phosphate buffer (pH 7.2) containing KCl
(100 mm). The reactions were analyzed by HPLC as described
in the Supporting Information.[15]


Much to our delight we found that most of the differently
modified G quadruplexes (Scheme 2) were able to catalyze the
aldol reaction between acetone and 1 at very low concentra-
tions (each 2 mm ; Table 1, entries 2–8); product formation was
not detected when an unmodified G quadruplex was used
(Table 1, entry 1). This shows that the tethered prolinamide
was an essential functional group for promoting the aldol reac-
tion. Interestingly, G quadruplexes that were modified on “top”
with proline showed relatively poor catalytic efficiency (Table 1,


[a] Dr. Z. Tang, Dr. D. P. N. GonÅalves, M. Wieland, Prof. Dr. A. Marx,
Prof. Dr. J. S. Hartig
Department of Chemistry, University of Konstanz
Universit&tsstrasse 10, 78457 Konstanz (Germany)
Fax: (+49)7531-88-5140
E-mail : andreas.marx@uni-konstanz.de


joerg.hartig@uni-konstanz.de


Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.


ChemBioChem 2008, 9, 1061 – 1064 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1061







entries 2–4). On the other hand, G quadruplexes with
proline tethered to the “bottom” catalyzed the aldol
reaction much more efficiently with moderate to
high yields (Table 1, entries 5–8). The latter results
suggest that the binding position of the porphyrin-
tethered aldehyde on the G quadruplex is close to
the “bottom” of the G quadruplex (in proximity of
the two TT loops). Interestingly, free proline and pro-
lineamide were not able to catalyze the reaction as
efficiently as the quadruplex-tethered catalyst even
when applied in 1000-fold concentrations (Table 1,
entries 9 and 10). Besides achieving the highest yield,
the kinetic measurement of initial rate indicated that
13-Gq is the fastest catalyst compared to G-quadru-
plex DNA catalysts modified at other positions (Sup-
porting Information). Product was not detected in
the absence of catalyst (Table 1, entry 11).
Next, we attempted to optimize the catalytic func-


tional group at the same modification position as in
13-Gq. A variant of 13-Gq with a free amine (NH2-Gq,
Scheme 3) instead of proline was already available
since it served as an intermediate during the synthe-
sis of 13-Gq. The poor yield of reactions conducted
in the presence of NH2-Gq indicates a less efficient
catalysis compared to 13-Gq (Table 2, entry 1). Com-
parison of the initial rates revealed that the reaction
promoted by 13-Gq (1.78 m s�1K10�10) is about 18
times faster than the one promoted by NH2-Gq
(0.95 m s�1K10�11). The initial rate of the same reac-
tion promoted by the small organic catalysts proline
(0.99 m s�1K10�13) or prolinamide (1.34 m s�1K10�13)
alone is around 1300- and 1800-times slower com-
pared to 13-Gq. Since it is known that the proline-
modified DNA catalyst might form a bicyclic imidazo-
lidinone byproduct through reaction with acetone,[3]


we modified the G quadruplex with diproline to get
dipro-Gq (Scheme 3), which catalyzed the same aldol


reaction with moderate yields but without byproduct forma-
tion (Table 2, entry 2). Nevertheless, the catalytic efficiency de-
creased as the initial rate of the reaction promoted by dipro-
Gq (3.67 m s�1K10�11) was only 20% of the one of 13-Gq. In
the end, 13-Gq turned out to be the best catalyst for the aldol
reaction between acetone and the porphyrin-tethered alde-
hyde.
The highest yield of aldol product was obtained from the


ACHTUNGTRENNUNGreaction between acetone and aldehyde 1 with the modified
G quadruplex catalyst 13-Gq (Table 2, entry 3). In order to test
whether recognition of the four-stranded secondary structure
by the porphyrin is necessary for efficient catalysis, a second
DNA strand (coDNA), which was complementary to 13-Gq, was
added to the reaction mixture. Hybridization of the C-rich
strand with 13-Gq should result in duplex formation and
hence interfere with specific recognition events. The dramatic
decrease of the reaction yield as the amount of coDNA was
ACHTUNGTRENNUNGincreased from 0.5 to 5 equiv indicated that the quadruplex
structure is indispensable for the high catalytic ability (Table 2,
entry 4–6). The initial rate of the reaction promoted by 13-Gq


Table 1. Aldol reaction catalyzed by different catalysts.


Catalyst[a] Yield [%]
2 3 2+3


1 Gq b.d. b.d. b.d.
2 1-Gq 2% b.d. 2%
3 15-Gq 7% b.d. 7%
4 7-Gq 32% b.d. 32%
5 4-Gq 72% 9% 81%
6 12-Gq 45% 4% 49%
7 3-Gq 40% 4% 44%
8 13-Gq 79% 8% 87%
9 proline[b] 2% b.d. 2%
10 prolinamide[b] 17% b.d. 17%
11 – b.d. b.d. b.d.


[a] Conditions: the concentration of oligonucleotides and aldehyde-modi-
fied porphyrin 1 was each 2 mm in 100 mm KCl and phosphate buffer
(pH 7.2), ratio of aqueous phase/acetone was 5:1 (v/v). The reaction was
incubated at 25 8C for 24 h; b.d. : below detection limit (<2%). [b] Same
conditions except that the concentration of catalyst was 2 mm.


Scheme 1. DNA catalyst designed for the aldol reaction based on the binding between
a G quadruplex and a porphyrin-tethered aldehyde.
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with the same amount of coDNA (2.38 m s�1K10�12) was 75
times lower than the one promoted by 13-Gq. Therefore, the
best catalytic yield by quadruplex catalyst 13-Gq results from
the binding between the G quadruplex and the porphyrin, and
depends on the appropriate position of the tethered catalytic
group.
So far, the catalyst DNA and porphyrinic aldehyde were


treated at a 1:1 stoichiometry. We next investigated whether
13-Gq was able to promote the reaction in substoichiometric
amounts. We indeed found that 13-Gq could catalyze the aldol
reaction using catalytic loading. With 20 mol% of 13-Gq, the


reaction between actone and the porphyrin-tethered aldehyde
proceeded to 64% yield after 24 h (Table 2, entry 7). A higher
yield of 77% was obtained by increasing the concentration of
substrates to 20 mm (Table 2, entry 8). Decrease of the substrate
and catalyst concentration below 1 mm resulted in less product
formation (data not shown). To gain insights into the catalyst–
substrate interactions we determined the binding constants of
catalyst 13-Gq and the porphyrin-tethered aldehyde 1, as well
as that of catalyst 13-Gq and aldol product 2 using surface
plasmon resonance (SPR).[16] Since SPR requires the immobiliza-
tion of one binding partner, the resulting Kd values represent


Scheme 2. Catalysis of aldol reaction by different DNA constructs. The numbers in the names of modified G quadruplexes indicate the position of the modifier
on the DNA strand. The different constructs are grouped according to the position of the modification (“at top” or “at bottom” of the quadruplex).


Scheme 3. Optimization of DNA catalysts.
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only estimates. On the other hand, a comparison of the bind-
ing of reactant and product of the aldol reaction to the quad-
ruplex is possible. The equilibrium dissociation constants ob-
tained for 1 and 2 from the SPR experiments show that both
aldehyde as well as aldol product bind very tightly to G qua-
druplex 13-Gq (Kd=71 nm and 98 nm, respectively). The mod-
erate differences in the equilibrium dissociation constants
might explain why 13-Gq does not achieve high catalytic turn-
overs.
In summary, we have rationally designed a new DNA catalyst


scaffold based on the binding between a G quadruplex and
porphyrin. The optimized proline-modified G quadruplex can
catalyze the aldol reaction between acetone and porphyrin-
tethered aldehyde with high efficiency. More than three orders
of magnitude of rate enhancement were achieved by using
the quadruplex-based proline catalyst compared to aldol reac-
tion rates observed with small organic catalysts. The presented
results indicate the feasibility of tethering nucleic acids with
catalytic functionalities to enable artificial catalytic activity to-
wards small molecules bound to the DNA structure. Remarka-
bly, the reaction shows high topological selectivity since dra-
matic differences that depended on the site of catalyst attach-
ment were found. Hence, the presented strategy could be
useful in mapping binding sites of even more complex nucleic
acid structures. Here, we have shown that one can exploit a
small molecule–DNA interaction for constructing a nucleic acid
catalyst. Our finding that a proline-conjugated DNA-secondary
structure catalyzes even intermolecular aldol reactions be-
tween nontethered reactants broadens the methodological
repertoire of DNA-templated reactions, and should be useful
for the development of sensors specific for certain nucleic acid
structures.
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Table 2. Aldol reaction catalyzed by different catalysts.


Catalyst Yield [%]
2 3 2+3


1 NH2-Gq 32% b.d. 32%
2 dipro-Gq 53% 4% 57%
3 13-Gq 79% 8% 87%
4 13-Gq+coDNA[a] 64% 4% 68%
5 13-Gq+coDNA[b] 14% b.d. 14%
6 13-Gq+coDNA[c] 11% b.d. 11%
7 13-Gq[d] 60% 4% 64%
8 13-Gq[e] 71% 6% 77%


[a] 0.5 equiv of coDNA; coDNA: d(CCAACCACACCAACC); [b] 1 equiv of
coDNA; [c] 5 equiv of coDNA. [d] The concentration of porphyrin 1 was
2 mm, and catalyst loading was 20%. [e] The concentration of porphyrin 1
was 20 mm, and catalyst loading was 20%.
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An ESI-MS/MS Method for Screening of Small-Molecule
Mixtures against Glycogen Synthase Kinase-3b (GSK-3b)
Ivan Partserniak,[a] Geoff Werstuck,[a] Alfredo Capretta,[b] and John D. Brennan*[a, b]


Introduction


Phosphorylation is a key post-translational protein modfication
that controls a variety of regulatory processes in mammalian
cells.[1] Indeed, kinases have been implicated in a wide range
of disease states, and as such are highly touted as potential
targets for drug development.[2,3] A particularly important
member of this family is the serine/threonine kinase, glycogen
synthase kinase 3 (GSK-3), which plays an intricate role within
the framework of mammalian cellular metabolism, and is in-
volved in many metabolic regulatory pathways. In addition to
its role in the regulation of glycogen metabolism,[4] it is now
known that GSK-3 is involved in cytoskeletal regulation,[5] cell
cycle progression,[6,7] apoptosis,[8] cell fate and speciation,[9] and
transcriptional/translational initiation.[10,11] Altered GSK-3 activi-
ty, normally involving hyperphosphorylation of its targets, can
contribute to a number of pathological processes including bi-
polar mood disorder,[12–14] schizophrenia,[15] heart disease,[16,17]


neurodegeneration,[18] Alzheimer’s disease,[11,19] and diabetes
mellitus.[20] Its involvement in Alzheimer’s disease is thought to
stem from its role (in conjunction with cyclin-dependent
kinase 6 (CDK6) and microtubule affinity-regulating kinase
(MARK) in the hyperphosphorylation of tau. The role of GSK-3b


as the key isoform responsible for hyperphosphorylation of
tau has been unequivocally established by Takashima et al.
through GSK-3b antisense treatment and phosphatidylinositol-
ACHTUNGTRENNUNG(3,4,5)triphosphate (PtdIns ACHTUNGTRENNUNG(3,4,5)P3) inhibition studies.[21] As a
consequence, there is a clear need for the development of
potent and selective inhibitors of GSK-3b.


A complication in screening for inhibitors of GSK-3b is that
the enzyme has an unusual preference for target proteins that
have undergone a previous phosphopriming event; the
enzyme generally recognizes substrates with a Ser-X-X-X-Ser(P)


motif.[22,23] An ideal inhibitor will target the primed substrate
binding site rather than the ATP binding site so as to increase
specificity toward particular GSK-3b pathways and avoid dys-
ACHTUNGTRENNUNGregulation of other pathways regulated by GSK-3b, such as the
Wnt signaling pathway.[24] Thus, a suitable diagnostic assay
must be able to follow the formation of hyperphosphorylated
products and assess the site of action of potential inhibitors.


At present, there are a wide variety of kinase assays that can
be used to measure inhibition. These follow loss of reactants
(ATP), production of products (ADP or phosphorylated sub-
strates), or competition between test compounds and suitably
labeled ligands that can bind to the active site of the kinase.[24]


Specifically these include: 1) cell-based assays;[25] 2) ATP-depen-
dent assays (colorimetric, fluorescent and bioluminescent read-
outs) ;[24] 3) antibody-based, time-resolved fluorescence reso-
nance energy transfer (FRET) readout assays;[26] 4) radioassay
methods; 5) ligand displacement assays (fluorescence polariza-
tion or FRET) ;[27,28] and 6) phosphospecific staining methods
(AlphaScreenTM,[29] iron quenching,[30] immobilized metal ion af-
finity based polarization (IMAP),[31] Pro-QTM Diamond stain[32]).


Glycogen synthase kinase-3b (GSK-3b) is involved in the hyper-
phosphorylation of previously phosphorylated (primed) sub-
strates, and is currently assayed using an approach based on the
incorporation of g-32P-radiolabelled isotopes into substrate pep-
tides. The requirement to detect hyperphosphorylation of a
primed substrate poses a particular challenge for development of
a high-throughput screening assay, as many current kinase
assays are designed to produce a signal in the presence of any
phosphorylation site, and thus are only suitable for b-unphos-
phorylated substrates. Herein, we have developed an electro-
spray-ionization tandem mass spectrometry (ESI-MS/MS) assay to
allow for direct detection of a hyperphosphorylated product


which is formed in a solution reaction involving a primed peptide
substrate (GSM peptide) and GSK-3b. Optimum reaction condi-
tions (level of Mg2 + , buffer type, ionic strength, pH, enzyme con-
centration, and reaction time) were established to both maintain
the activity of GSK-3b and allow for substrate and product quan-
tification through ESI/MS/MS. We show that the MS-based assay
allows for rapid determination of GSK-3b activity from reaction
volumes of ~40 mL and that it can be used to assess IC50 values
and the site of action of known inhibitors. It also can be used for
automated screening of small-molecules mixtures to identify in-
hibitors of GSK-3b.
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Unfortunately, most of these assays are either unable to dis-
criminate primed substrates from hyperphosphorylated prod-
uct (i.e. , FRET or phosphostaining methods), require secondary
assays to reduce false positives (i.e. , coupled enzyme assays for
ATP), or require significant manipulation of the intracellular
machinery (i.e. , knock-out or knock-in experiments) to be able
to provide specific information regarding the inhibition of
GSK-3b. Radioassay methods can be used to assess hyperphos-
phorylation of primed substrates by GSK-3b,[33] but such assays
are not scalable to high-throughput screening of large com-
pound collections and have significant issues related to the
use and disposal of radioactive materials. Hence, there is a
need for new screening technologies to allow for the rapid
ACHTUNGTRENNUNGdiscovery of new inhibitors of GSK-3b.


In recent years, there have been several reports on the use
of mass spectrometry-based assays for both evaluation of
enzyme activity and screening of enzyme inhibitors.[34–38] Sever-
al groups have described studies in which enzyme reactions
were carried out in wells or other vessels containing the free
enzyme, followed by off-line MS analysis of substrates, prod-
ucts and/or inhibitors to evaluate enzyme activity and ligand
binding.[39–44] Other approaches have used immobilized ligands
to screen enzymatic activity, with MALDI/MS providing the
ability to detect conversion of the ligands.[45] Still other meth-
ods have utilized flow-through reactors wherein both the
enzyme and substrate/inhibitor flow through a reaction loop
followed by infusion of all components into an ESI/MS system
to monitor enzyme activity,[46] or immobilized enzyme reactors
interfaced off-line to MALDI/MS[47] or on-line to ESI-MS/MS[48]


for evaluation of enzyme activity and inhibition. Several affini-
ty-based screening formats have also been coupled with MS
detection,[49] using methods such as gel permeation chroma-
tography,[50] size-exclusion chromatography,[51] pulsed ultrafil-
tration,[52] competitive displacement,[53] affinity capillary electro-
phoresis[54] or frontal affinity chromatography (FAC-MS).[55]


However, such methods do not provide functional information
on enzyme activity and require appropriate competitive li-
gands to assess the site of action.


Two recent papers have highlighted the potential of MS for
following the reactions of kinases. Irth and coworkers reported
on an ESI-MS assay for protein kinase A and showed that ap-
propriate conditions could be obtained to allow infusion of
the kinase reaction components into the MS for quantitative
determination of enzyme activity and inhibition.[56] O’Gorman
and coworkers reported on the use of surface-enhanced laser
desorption ionization (SELDI) MS for assessment of GSK-3 activ-
ity from cell lysates and showed the potential of the MS
method to discriminate primed substrates and hyperphos-
phorylated products.[57] However, neither of these studies ex-
plored the use of MS for assessing the site of action of inhibi-
tors or for semi-automated screening of compound mixtures.


This study focuses on the development of an ESI-MS/MS
method for screening GSK-3b activity and inhibition. This
kinase assay utilizes a peptide substrate derived from glycogen
synthase (GSM peptide) that has a serine residue at a position
equivalent to the GSK-3 phosphorylation site on GS (position
n) and phosphoserine at the n +4 position. The assay involves


performing the kinase reaction in an optimized MS-compatible
buffer that is simply quenched with an acidic methanol solu-
tion and immediately subjected to ESI/MS/MS analysis with no
further sample treatment. The assay allows for rapid, quantita-
tive assessment of GSK-3b activity, determination of inhibition
constants (IC50 or KI), and can be used to determine the site of
action of inhibitors. We also show that interfacing to an auto-
sampler provides a platform for semi-automated screening of
small-molecule mixtures to identify inhibitors of GSK-3b.


Results and Discussion


Optimization of buffer conditions for MS-based analysis of
GSK-3b activity


An important issue with MS-based enzyme assays is the need
to find suitable solution conditions that allow high enzyme ac-
tivity and a high MS signal. However, these two requirements
are often at odds with each other, since enzyme activity is fre-
quently dependent upon concentrations of cofactors that tend
to suppress ionization of other compounds and consequently
decrease the MS signal. A particular problem for GSK-3b assays
is the requirement for Mg2+ as a cofactor, as this salt ion readi-
ly suppresses signals in ESI-MS. The presence of high concen-
trations of Mg2+ also generates significant salt adducts by
complexing with the compounds present in the ESI-MS, sub-
stantially reducing the [M+H]+ signal and lowering the signal-
to-noise (S/N) level in Q1 scans.


To determine the effect of Mg2+ concentration on the activi-
ty of GSK-3b, a 32P-ATP radio assay was performed, with
62.5 mm GSM, 125 mm ATP and 2.0 U enzyme incubated in
2 mm 3-(N-morpholino)propanesulfonic acid (MOPS) with 0–
2.5 mm MgACHTUNGTRENNUNG(OAc)2. The data (Figure 1A) showed that the mini-
mal concentration of Mg2+ needed for robust enzymatic func-
tion was 0.8 mm, as indicated by a sharp drop in GSK-3b activi-
ty below this concentration of Mg ACHTUNGTRENNUNG(OAc)2.


The buffer type and concentration were also optimized to
obtain good enzyme activity and MS compatibility. In general,
MS assays require the use of volatile buffers, thus the MOPS
buffer utilized in the previous radioassay was exchanged for
the more volatile and MS-compatible NH4OAc buffer. The reac-
tion mixtures containing radiolabelled ATP were then incubat-
ed with 1–21 mm NH4OAc in 0.8 mm Mg ACHTUNGTRENNUNG(OAc)2 for one hour,
and activity was assessed by scintillation counting. Enzyme ac-
tivity was significantly affected at low NH4OAc concentrations,
with the product signal reaching a plateau around 6 mm


NH4OAc and remaining constant beyond this point (Figure 1B).
6 mm NH4OAc was therefore chosen as the optimal reaction
buffer concentration to use in GSK-3b assays, as any lower con-
centrations would result in less kinase activity, while higher
concentrations could potentially contribute to ion suppression,
decreasing GSM/pGSM signal intensity.


Once suitable buffer conditions were determined, GSK-3b


activity in solution was assessed as a function of time using
32P-ATP radio assays in order to quantify enzyme activity.
62.5 mm GSM, 2.0 U GSK-3b and 125 mm ATP were incubated
with the 6 mm NH4OAc/0.8 mm Mg ACHTUNGTRENNUNG(OAc)2, pH 7.4 buffer. The
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results of the assay, measured in product concentration, re-
vealed a linear relationship between enzyme activity and time
for the +GSK-3b reaction and essentially no signal for the neg-
ative control (-GSK-3b) reaction (see the Supporting Informa-
tion). For the positive control, the quantity of pGSM reached
7 mm (~11% conversion from 62.5 mm substrate) after 2 h, indi-
cative of a relatively slow turnover rate for GSK-3b. This is in
fact favorable for monitoring enzymatic activity, as the sub-
strate-to-product conversion should ideally remain at 10% or
less in order to retain the initial reaction rate proportional to
product concentration. Based on this data, MS assays were typ-
ically run for one hour, as this provided sufficient signal in MS
based assays while not unduly increasing the assay time (see
below).


Detection of substrate and product and optimization of MS
assay conditions


Since GSK-3b ESI-MS-based screening assays are dependent on
monitoring product/substrate ratios by MS/MS, obtaining dis-
tinct and unambiguous GSM and pGSM MS precursor and
product ion signals was one of the key goals in the early
stages of this study. Based on the data provided above, the
analysis of GSM was carried out first with 62.5 mm GSM
ACHTUNGTRENNUNGdissolved in 6 mm NH4OAc/1.6 mm Mg ACHTUNGTRENNUNG(OAc)2, pH 7.4, injected
into the ESI-MS/MS at a flowrate of 5 mLmin�1. The resulting


GSM Q1 spectrum (see the Supporting Information), showed a
prominent peak at m/z 527.7, corresponding to the expected
m/z of the substrate peptide in the +5 charge state (peptide
mass is 2637 Da). Additional peaks at m/z values of 531.9 and
536.0 were also present, corresponding to sodium ion adducts.
Analysis of the m/z 527.7 ion in MS2 mode revealed a promi-
nent daughter ion peak at m/z 507.7, corresponding to the
loss of a PO4 group, which provided a useful multiple reaction
monitoring (MRM) transition to monitor the presence of the
GSM peptide with ESI-MS/MS. Note that there were also usable
peaks observed for the [M+4H]4+ and [M+3H]3+ charge enve-
lopes; however, the [M+5H]5+ charge envelope showed the
highest signal-to-noise levels under the conditions employed
in our assay, and provided sufficient sensitivity to produce a
robust assay (see below).


To obtain a sufficient pGSM signal for MS analysis with a rea-
sonable reaction time, reaction mixtures containing 2.0 U GSK-
3b were incubated for 120 min. MS scans of these mixtures are
shown in the Supporting Information. A Q1 scan of the reac-
tion containing 2.0 U GSK-3b revealed the presence of a prod-
uct signal at m/z 543.7, which corresponds to a mass increase
of ~80 Da (16 unit shift in m/z, +5 charge state), as expected
for the addition of a PO3 group. Several additional peaks also
appeared at m/z values of 551.9, 573.9 and 595.9, but these
peaks did not provide high quality MS/MS spectra (data not
shown). The MS/MS spectrum of the m/z 543 peak showed the
presence of only the m/z 527 and 507 peaks, with the m/z
543!m/z 527 transition providing the highest intensity.


We note that while the signal intensity of pGSM in the GSK-
3b containing solutions is much higher than in the enzyme-
free control solution, a distinct peak at m/z 543.7 is still present
in the control despite the absence of enzyme to generate
pGSM. The m/z 543.7 ion in the enzyme-free sample displays
an identical daughter ion spectrum to pGSM, providing strong
evidence for the presence of small amounts of pGSM prior to
the introduction of GSK-3b. Although the origin of this pGSM
is unknown, the presence of this contaminant did not adverse-
ly affect the ability to detect product formation or GSK-3b


ACHTUNGTRENNUNGinhibition, as described below.


Figure 1. 32P-ATP radio assay of GSK-3b activity in solution as a function of
Mg2+ (A) and buffer concentrations (B). A) 0–2.5 mm Mg ACHTUNGTRENNUNG(OAc)2 concentra-
tion assay (in 2 mm MOPS) ; and B) 1–21 mm NH4OAc concentration assay
(with 0.8 mm Mg ACHTUNGTRENNUNG(OAc)2). CPS=counts per second.


Figure 2. The effect of Mg2+ ions on GSM Q1 signal. 62.5 mm GSM in 6 mm


NH4OAc with 0, 0.8, 1.6, 4, and 8 mm Mg ACHTUNGTRENNUNG(OAc)2 were infused into the ESI-MS
at 5 mLmin�1 with a syringe pump.
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Once suitable MRM transitions were obtained, the amount
of signal was assessed as a function of Mg2+ , with 6 mm


NH4OAc as the buffer. As shown in Figure 2, detection of the
GSM peptide in the absence of Mg ACHTUNGTRENNUNG(OAc)2 produced a S/N ratio
of approximately 54:1, while the inclusion of 8 mm MgACHTUNGTRENNUNG(OAc)2
produced only a 5:1 S/N ratio. Thus, the presence of high
levels of Mg ACHTUNGTRENNUNG(OAc)2 decreased the GSM signal by >90% com-
pared to the control values. Increases in Mg2+ did not lead to
an observable increase in [M+Mg]2+ adducts, providing evi-
dence for overall signal suppression by Mg2+ rather than
adduct formation. Concentrations of Mg2+ , in the range of 0.8
to 1.6 mm, produced S/N values of 32 and 20. Based on the ac-
tivity and S/N ratio data, a final buffer composition of 6 mm


NH4OAc with 0.8 mm Mg ACHTUNGTRENNUNG(OAc)2 at pH 7.4 was used with a one
hour incubation time. Note that in some assays which used
low ATP or GSM levels, the MgACHTUNGTRENNUNG(OAc)2 level was increased to
1.6 mm to provide somewhat higher product concentrations
(see below).


Validation of GSK-3b activity using a solution-based ESI-MS
method


The application of the solution-based ESI-MS/MS technology
for monitoring GSK-3b activity possesses many potential bene-
fits, such as the capacity for the rapid detection of previously
unknown inhibitors. To validate that the MS-based assay was
accurately measuring GSK-3b activity, an enzyme concentration
assay was performed. The reaction mixture containing 62.5 mm


GSM, 125 mm ATP in 6 mm NH4OAc/0.8 mm MgACHTUNGTRENNUNG(OAc)2, pH 7.4
was incubated with varying levels of GSK-3b for one hour and
then assessed for pGSM concentration. The results demonstrat-
ed a linear increase of pGSM signal with kinase concentration,
as expected (data not shown) and suggested an optimal level
of 2.0 U for GSK-3b concentration.


In order to ensure the reliability and reproducibility of the
results in GSK-3b inhibitor screening experiments, statistical
validation of the solution-based MS assay was required. Appli-
cation of the Z’ test allowed for the determination of the statis-
tical average and standard deviation in enzyme/no enzyme
controls. Reactions were run with and without GSK-3b using
1.6 mm Mg ACHTUNGTRENNUNG(OAc)2, which provided a significant increase in
kinase activity and in Z’ values. The assays were run sequential-
ly with both direct injection and semi-automated delivery of
the methanol-quenched reaction solutions and the resulting
product-to-substrate (P/S) signal ratio was recorded for each
reaction. We note here that variations in ionization efficiency
between pGSM and GSM result in the signal ratio being some-
what different from the actual concentration ratio. However,
the use of a signal ratio reduces errors owing to short and
long-term drift in instrument sensitivity, since such fluctuations
are corrected by taking the ratio. The mean P/S signal ratio
and standard deviation for the direct injection method were
0.78�0.06 for the GSK-3b high control and 0.14�0.01 for the
low control (Figure 3A). For semi-automated delivery, the GSK-
3b P/S ratio for the high control was 0.99�0.06 and for the
low control 0.27�0.03 (Figure 3B). The corresponding Z’ fac-
tors were calculated to be 0.68 for direct injection and 0.60 for


the autosampler assays, each resulting in “an excellent assay”
ranking as interpreted by Zhang et al.[58] The successful valida-
tion of the assay method thus allowed high confidence that
the enzyme performed reproducibly over multiple reactions.
This indicated that the assay could be applied to semi-auto-
mated MS-based screening of small molecules against GSK-3b.


Determination of IC50 values and site of action


To further validate the assay IC50 values were obtained for
known ATP-competitive and non-ATP-competitive inhibitors to
demonstrate the capacity of ESI-MS to accurately determine
ACHTUNGTRENNUNGinhibition constants and monitor the site of inhibition. Initial
experiments were conducted with 6 mm NH4OAc/1.6 mm Mg-
ACHTUNGTRENNUNG(OAc)2, pH 7.4 buffer, 62.5 mm GSM, 125 mm ATP and 2.0 U GSK-
3b with 0.001-100 mm of the ATP competitive inhibitor SB-
415286 added to the reaction mixtures. Following a one hour
incubation period the solutions were quenched with acidic
MeOH and analyzed by ESI-MS/MS. As shown in Figure 4A, the
P/S signal ratio decreased with increasing inhibitor concentra-
tion, producing an IC50 of 0.81�0.10 mm (see Table 1 for all
IC50 values). Dropping the ATP level fivefold reduced the IC50


by exactly fivefold to 0.18�0.03 mm, confirming the ATP bind-
ing site to be the site of action and competitive inhibition to
be the mode of action. Analysis of GSK-3b Inhibitor I, a known
allosteric inhibitor, over a concentration range of 0.1–200 mm,


Figure 3. Z’ analysis of the GSK-3b solution-based MS assay with A) direct in-
jection and B) automated injection. +GSK-3b positive control reactions (*) ;
-GSK-3b negative control reactions (&) ; solid lines denote mean P/S signal
ratios, broken lines represent three standard deviations on the mean P/S
signal ratios.
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resulted in an IC50 value of 45�5 mm for the higher and 35�
5 mm for the lower ATP concentration (Figure 4B), as would be
expected for a non-ATP-competitive compound. To further
evaluate this method, the IC50 values were determined for a
compound with an uncharacterized mode of action, GSK-3b


ACHTUNGTRENNUNGinhibitor II. IC50 values of 2.1�0.3 and 1.0�0.2 mm were ob-
tained at high and low ATP concentrations, respectively (Fig-
ure 4C). These results strongly suggest that this inhibitor is not
ATP-competitive, and is consistent with either allosteric or
ACHTUNGTRENNUNGpossibly mixed inhibition.


Further evaluation of the three inhibitors was done by using
high and low levels of the GSM substrate (twofold concentra-
tion difference). These studies yielded no substantial change in
the IC50 values for any of the compounds tested (Table 1). This
finding confirms not only that SB-415286 is an ATP-competitive
inhibitor and that GSK-3b inhibitor I is an allosteric inhibitor,
but also suggests that the previously uncharacterized GSK-3b


Inhibitor II is likely an allosteric inhibitor as well, as its mode of
action was demonstrated to be largely noncompetitive with re-
spect to both ATP and GSM. These results highlight the poten-
tial of the ESI-MS/MS method to provide detailed information
not only on inhibition constants but also on site and mode of
action.


Semi-automated ESI-MS compound mixture screening


Following the establishment of IC50 values for GSK-3b inhibi-
tors, the application of the solution-based ESI-MS/MS approach
towards mixture screening was assessed. The introduction of
an autosampler unit operating in tandem with the MS greatly
increased the efficiency of the assays and allowed for the auto-
mated injection of samples for screening of multiple com-
pounds against the enzyme. However, in the absence of con-
ventional liquid handling technology, the reactions themselves
were all prepared and quenched manually, subsequently re-
sulting in the “semi-automated” state of the assay. The need
for a relatively long incubation step is the result of the ex-
tremely low turnover of the enzyme (see the Supporting Infor-
mation). This step of the assay, including mixing and quench-
ing steps, could also be readily automated with a conventional
liquid handler or could be integrated into the assay by incu-
bating reactions in the autosampler with on-line quenching,[59]


however this was not done for this study.


Figure 4. IC50 curves for GSK-3b inhibitors for A) SB-415286; B) GSK-3b inhib-
itor I ; and C) GSK-3b Inhibitor II. Assays utilized 25 mm ATP (*) or 125 mm ATP
(&) with 62.5 mm GSM and 2.0 U GSK-3b incubated in 6 mm NH4OAc/1.6 mm


Mg ACHTUNGTRENNUNG(OAc)2, pH 7.4 buffer for 1 h. Data is plotted as normalized P/S signal
ratios and fit to the Hill equation.


Table 1. Summary of IC50 experiments performed with inhibitors SB-415286, GSK-3b inhibitor I and GSK-3b inhibitor II. Low [ATP]: 25 mm ATP, high [ATP]:
125 mm ATP, low [GSM]: 62.5 mm GSM and high [GSM]: 125 mm GSM.


Inhibitor IC50 Mode of action
Low [ATP]
High [ATP]


ACHTUNGTRENNUNG(lit.) Low [GSM]
High [GSM]


ACHTUNGTRENNUNG(exper.)


SB-415286 0.18�0.03 mm ATP-competitive 0.81�0.10 mm ATP-competitive
0.81�0.10 mm 0.74�0.9 mm


GSK-3b inhibitor I 35�5 mm allosteric 45�5 mm allosteric
45�5 mm 31�4 mm


GSK-3b inhibitor II 1.0�0.2 mm unknown 2.1�0.3 mm allosteric
2.1�0.3 mm 3.0�0.3 mm
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As a proof-of-concept for the autosampler-based assay, we
performed a small screen of ten mixtures containing ten com-
pounds each. This study was designed to demonstrate the
ACHTUNGTRENNUNGpotential of the MS-based assay for mixture screening. The 100
compounds selected for this screen were all drug-like (accord-
ing to Lipinski’s rules[60]) and were either from commercial
sources or were synthesized and purified to high purity. Each
compound was dissolved from an initial 1 mm stock in DMSO
to a concentration of 1 mm in assay buffer to minimize the
amount of DMSO present—this compound has previously
been shown to have a deleterious effect on the electrospray
process and must be minimized in ESI/MS-based assays.[48]


Final DMSO concentrations in test mixtures were typically
~0.1% (v/v). A compound concentration of 1 mm was chosen
for screening as higher concentrations could lead to ion sup-
pression, while lower concentrations may lead to some of the
weaker inhibitors being missed in the assay.


The results of the automated mixture screening assay are
shown in Figure 5. Panel A shows the raw data (P/S signal
ratio) obtained during the assay, while Panel B shows a bar
graph (on the same time axis) that provides the average P/S
signal ratio from Panel A. Also shown on both panels is the
signal obtained by monitoring the SB-415286 daughter ion
(m/z 360.0!m/z 140.0; CE=15 V), which was spiked into Mix-
ture 2. P/S signal ratios obtained for low activity controls (LC;
10 mm SB-415286 in a sample containing no other potential in-


hibitors) and a high activity control (HC; no inhibitor) are also
shown. The results show that both the low activity control and
Mixture 2 resulted in a significant drop in the P/S ratio to simi-
lar levels, indicating the presence of an inhibitor, while all
other samples remained at high P/S ratios similar to the high
activity control. Panels C and D show the raw and processed
data obtained for automated injection of each individual com-
pound in Mixture 2, and demonstrate that it is SB-415286
(compound 20) that is responsible for the inhibitory action ob-
served in Mixture 2. This clearly demonstrates the ability of the
MS-based assay to detect inhibitors within compound mixtures
as a means for primary screening, and to subsequently decon-
volute these mixtures to identify the active compound. Al-
though this screen involved only 100 compounds in 10 mix-
tures, it is possible to screen and deconvolute a considerably
larger quantity of compounds per sample to increase through-
put.[51] Indeed, even in the present study it was possible to
screen 100 compounds by using only 20 assays (not including
controls) ; an even better ratio of compounds per assay is
ACHTUNGTRENNUNGpossible with more complex mixtures.


One issue with the current assay is the relatively slow speed
(ca. 20 min per sample). The long assay time is a result of the
slow flowrate (which is typical of nanoflow LC pumps) and the
large injection volume. The larger volumes were used to pro-
vide sufficient time to allow for a stable MS signal. Based on
the data in Figure 5, a shorter time of perhaps 1–2 min per


Figure 5. Preliminary solution-based ESI-MS 100-compound inhibitor-mixture screen with GSK-3b showing the raw pGSM/GSM signal ratio (panels A and C)
and the P/S signal ratios averaged over their respective 6 min injection periods (panels B and D). Low control (LC), high control (HC) and mixtures 1–10 are
shown in panels A and B. Low control, high control, and individual compounds 11–20 from Mixture 2 are shown in panels C and D (See Table S1 in the Sup-
porting Information for compound data). The arrows denote cases in which the inhibitor SB415286 was present.
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point would be possible by using a lower injection volume.
Use of a higher flow rate pump could also provide significant
improvements in assay time, but at this time we are limited to
a maximum flow rate of 20 mLmin�1. With higher flow rates
and lower injection volumes it might be possible to increase
assay speed to the range of ~30 s per sample, which is on part
with results from Biotrove Inc.[61] Thus, with further optimiza-
tion in terms of both mixture complexity (ca. 100 compounds
per mixture) and assay speed (one mixture every 30 s) it
should be possible to screen up to 200 compounds per min,
or ~300000 compounds per day per instrument (not including
time for deconvolution of hits). Clearly, any mixture that con-
tains a hit will need to be further assessed, but again this can
be done by using ten mixtures of ten compounds and finally
by testing the active small mixture one compound at a time
for the hit. Alternatively, bioactive mixtures could be tested by
using more conventional affinity-based methods such as gel
permeation chromatography,[50] size-exclusion chromatogra-
phy[51] or pulsed ultrafiltration,[52] interfaced to MS detection,
with hit confirmation done using the function-based assay de-
scribed herein. Progress toward this goal is ongoing in our lab
and the results of these studies will be presented in due
course.


Other recently reported MS-based kinase assays involve
either ESI-MS to study protein kinase A (PKA) activity,[56] or a
SELDI-TOF MS method to assess GSK-3b activity.[57] The SELDI
method utilized enzyme reactions run in conventional buffers
followed by a desalting step (using a C-18 ZiptipQ) and deposi-
tion on a SELDI chip. While the method was amenable to the
assaying of GSK-3b activity, the difficulty associated with quan-
tifying product/substrate ratios by using MALDI-MS[36] makes
the determination of IC50 values complicated. The method de-
scribed herein is most similar to that described by de Boer
et al. ,[56] which also used ESI-MS to follow kinase-catalyzed
phosphorylation reactions. As was the case for de Boer et al. ,
significant optimization of buffer conditions and the use of
ACHTUNGTRENNUNGvolatile buffers with low Mg2+ levels were required to achieve
a stable electrospray, and modifiers needed to be added to
enzyme solutions after the enzymatic reaction to obtain maxi-
mum signal levels. However, in our assay the use of product/
substrate signal ratios avoided the need for addition of internal
standards, while use of multiple reaction monitoring instead of
selected ion monitoring provided a significant improvement in
signal-to-noise levels. We also demonstrate the ability to
screen mixtures, which could improve throughput when the
method is applied to high-throughput screening. However,
there is still a need to perform the enzyme assay in MS com-
patible buffers, which can limit the activity of some enzymes,
and further improvements are needed in assay speed and
throughput. Furthermore, the slow turnover of the GSK-3b


enzyme may preclude flow-through reactions, which typically
require enzyme–substrate contact times of a minute or less.


A significant advantage to the use of a MS-based assay for
GSK-3b is the ability to use a wide variety of substrates which
are either native unphosphorylated or primed. This is particu-
larly relevant in the case of GSK-3b since this enzyme has a
wide array of potential substrates and thus there is a need to


selectively inhibit hyperphosphorylation of specific substrates,
such as tau, while retaining the ability to phosphorylate other
substrates such as glycogen synthase or b-catenin. Since the
MS assay described herein simply measures shifts in m/z as a
result of phosphorylation, it should be possible to apply the
assay to study the ACHTUNGTRENNUNGselectivity of GSK-3b inhibitors and ultimate-
ly their mode of action.


Conclusions


Through the optimization of GSK-3b-specific reaction parame-
ters, such as buffer/Mg2+ concentrations and GSK-3b sub-
strate/product MS signal parameters, the development of a
new, robust solution-based ESI-MS screening technology capa-
ble of monitoring changes in GSK-3b activity was possible.
Unlike the majority of commonly used kinase assays, this
method presents a distinct advantage in the field of chemical
biology and drug screening, as it can readily distinguish be-
tween the monophosphorylated substrate and the diphospho-
sporylated product of GSK-3b. IC50 values for specific GSK-3b


inhibitors provided insights into both site and mode of action,
showing the utility of the method for identifying novel leads.
Operation in a semi-automated mode allowed for efficient
compound screening as compared to the traditional 32P radio-
assay technique currently used to assess GSK-3b activity, and
could be extended to screening of mixtures, which may allow
assaying of complex libraries or natural product extracts. The
application of automated liquid handling can further improve
the throughput of the solution-based assay. Further improve-
ments in throughput can be realized by increasing mixture
complexity and flow rates and reducing injection volumes. In
this manner, thousands of compounds originating from syn-
thetic libraries and natural product extracts could be rapidly
screened, resulting in low protein consumption per compound
screened. The speed and accuracy of this system should prove
to be an invaluable tool in the future development and discov-
ery of GSK-3b and other kinase inhibitors.


Experimental Section


Materials : Histidine-tagged recombinant rabbit glycogen synthase
kinase-3b (GSK-3b ; Cat. No. G1663, >90% pure, 15 units per mg
protein of which one unit will transfer 1 pmol of phosphate from
ATP to phosphatase inhibitor 2 per min at pH 7.5 at 30 8C) and SB-
415286 were purchased from Sigma–Aldrich (Oakville, Ontario,
Canada). Upon reconstitution with water (100 mL), the GSK-3b solu-
tion contains 200 U of enzyme in Tris (20 mm, pH 7.5), EDTA
(2 mm), EGTA (2 mm), DTT (1 mm), sucrose (5%), BrijQ 35 (0.1%),
leupeptin (1 mgmL�1), and 4-(2-aminoethyl)benzene sulfonyl fluo-
ride hydrochloride (AEBSF; 0.1 mm). This is further diluted upon
addition of the enzyme stock solution (1 mL) to an assay solution
(40 mL) containing NH4OAc (6 mm) and MgACHTUNGTRENNUNG(OAc)2 (0.8 or 1.6 mm).
GSK-3b Inhibitor I and GSK-3b inhibitor II were purchased at Calbio-
chem (San Diego, California, USA). HPLC grade water was pur-
chased from Caledon Laboratory Chemicals (Georgetown, Ontario,
Canada). Synthetic muscle glycogen synthase 1 peptide (GSM;
structure: Arg-Arg-Arg-Pro-Ala-Ser-Val-Pro-Pro-Ser-Pro-Ser-Leu-Ser-
Arg-His-Ser-pSer-His-Gln-Arg-Arg; 2673 Da; pSer=phosphoserine)
was purchased from Upstate USA (Charlottesville, VA, USA). [g-32P]
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ATP and ACSTM aqueous scintillation cocktail were obtained from
GE Healthcare Bio-Sciences (Baie d’Urfe, QuRbec, Canada). C96-mi-
crowell plates were purchased from VWR International (Missis-
sauga, Ontario, Canada). All reagents were used as received. Other
compounds listed in Table S1 in the Supporting Information were
from commercial or synthetic sources.


GSK-3b reaction optimization : Kinase activity was measured by in-
cluding GSM substrate (62.5 mm) and [g-32P] ATP (0.5 mCimL�1) with
recombinant GSK-3b (2.0 U) in a reaction mixture containing
NH4OAc (1–21 mm), MgACHTUNGTRENNUNG(OAc)2 (0–2.5 mm) and ATP (125 mm) in a
total volume of 40 mL. After 60 min, the samples were spotted
onto Whatman P81 phosphocellulose paper and washed three
times with 0.75% o-phosphoric acid and once with acetone. 32P
ACHTUNGTRENNUNGincorporation onto the substrate was then determined by scintilla-
tion counting, as previously described.[62,63]


LC/MS settings : Mobile-phase delivery for substrate/product-signal
optimization studies was performed with a Hamilton syringe
(1.0 mL, 4.6 mm i.d.) using an AB/Sciex Q-Trap Mass Spectrometer
controlled by Analyst v.1.4 software. Parent/daughter ion signals
were followed using Q1 and MS2 modes of analysis in positive-ion
mode under the following conditions: Curtain Gas=45.0, Collision
gas= low, Ion Spray Voltage=5000 V, Temperature=175 8C, Ion
Source Gas 1=40.0, Ion Source Gas 2=40.0. GSM was monitored
using the m/z 527.7!m/z 507.8 transition (CE 15 V) while pGSM
was monitored using the m/z 543.7!m/z 527.7 transition (CE
15 V). All scans used a declustering potential of 30 V, an entrance
potential of 7 V and an exit cone potential of 6 V. The total scan
time was 5 s per point.


ESI-MS signal optimization : GSM (62.5 mm) was added to Mg-
ACHTUNGTRENNUNG(OAc)2 (0, 0.8, 1.6, 4 and 8 mm) in NH4OAc (6 mm, pH 7.4) in a total
volume of 40 mL. The GSM Q1 MS signal was detected through
direct injection at a flowrate of 5 mLmin�1 after diluting the sam-
ples to 120 mL with acidic MeOH. The ratio of the GSM signal over
the average of the noise was then calculated for all samples.


GSK-3b solution-based ESI-MS reproducibility assays : Kinase
ACHTUNGTRENNUNGactivity was measured by including recombinant GSK-3b (2.0 U) in
a reaction mixture containing GSM substrate (62.5 mm), NH4OAc
(6 mm), Mg ACHTUNGTRENNUNG(OAc)2 (0.8 or 1.6 mm) and ATP (125 mm) at pH 7.4 in a
total volume of 40 mL. After a set incubation time of 1 h, the sam-
ples were diluted to 120 mL (syringe) or 240 mL (autosampler) with
acidic MeOH and injected directly or delivered with a LC pump/au-
tosampler into the ESI-MS at a flowrate or 5 mLmin�1, where the
substrate and product signals were monitored in MS2 and multiple
reaction monitoring (MRM) modes, respectively. 10 samples for low
control (-GSK-3b) and high control (+GSK-3b) were included in
both the manual and semi-automated Z’ assays. The Z’ factor was
calculated for each assay using the formula (1):


Z 0 ¼ 1� 3sC þ 3sS


jmS�mCj
ð1Þ


where sc is the standard deviation of the low control, ss is the
standard deviation of the high control, ms is the average signal of
the high control and mc is the average signal of the low control.


GSK-3b IC50 assays : Kinase activity was measured in the reaction
mixture above with MgACHTUNGTRENNUNG(OAc)2 (1.6 mm) and either variable ATP
concentrations (25 or 125 mm ATP with 62.5 mm GSM) or variable
GSM concentrations (62.5 or 125 mm GSM with 125 mm ATP) and
SB-415286 or GSK-3b Inhibitor II (0.001–100 mm) or GSK-3b Inhibi-
tor I (0.1–200 mM) in a total volume of 40 mL. After a 1 h incubation
time, the samples were diluted to 120 mL with acidic MeOH and


ACHTUNGTRENNUNGinjected directly into the ESI-MS with the syringe pump at
5 mLmin�1, where substrate and product signals were detected in
MS2 mode. The ratio of P/S signals for each concentration was
then obtained by utilizing the daughter-ion peak intensities for
GSM and pGSM. In all cases the binding isotherms were fit to the
Hill equation (2):[64]


B ¼ B0


�
Bmax½I�n


IC50 þ ½I�n
�


ð2Þ


where B is P/S signal ratio at a given concentration of inhibitor [I] ,
B0 and Bmax are the minimum and maximum P/S ratios, respectively,
IC50 is the inflection point of the isotherm and n is the Hill number
which influences the pitch of the inflection and can be used to
ACHTUNGTRENNUNGdetermine the number of binding sites per enzyme (assumed to
be 1).


Mixture screen : Reaction solutions contained NH4OAc (6 mm), Mg-
ACHTUNGTRENNUNG(OAc)2 (1.6 mm), ATP (125 mm), GSM (62.5 mm), GSK-3b (2.0 U), and
10 compounds in a mixture (1 mm each, 10 mixtures; except in low
control (LC) solutions which contained no enzyme or inhibitors
(10 mm SB-415286)and in high control (HC) solutions which con-
tained GSK-3b (2.0 U) and no inhibitors) at pH 7.4 in a total volume
of 40 mL. SB-415286 (1 mm) was added to Mixture 2 as a control to
demonstrate GSK-3b inhibition. After a 1 h incubation time, the
samples were diluted to 240 mL with pure acidic MeOH and placed
into 0.35 mL sample vials sealed with septum caps. Samples were
injected into the ESI-MS using an Eksigent nanoLC system inter-
faced to an AS-1 Autosampler. Channels A and B of the NanoLC
pump (each 5 mL internal volume) were filled with a buffer consist-
ing of NH4OAc (6 mm) and MgACHTUNGTRENNUNG(OAc)2 (1.6 mm) at pH 7.4 and used
as the mobile phase for all assays with a flowrate of 5 mLmin�1. In
a typical assay the sample in the vial was aspirated into a PEEK
sample loop (250 mm i.d.) with an uptake volume of 120 mL and
the mobile phase was then passed through the sample loop to in-
troduce the sample to the MS/MS system. The GSM, pGSM and SB-
415286 signals were then monitored in MRM mode. PEEK tubing
(75 mm i.d.) was used elsewhere in the LC system to minimize non-
specific binding of compounds, which was observed in some cases
when fused silica tubing was used. Blank solutions containing only
mobile phase were injected by the autosampler in between every
sample vial in order to rinse the system between assays.
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Investigation of DNA–Protein Cross-Link Formation
between Lysozyme and Oxanine by Mass Spectrometry
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Introduction


Excessive production of nitric oxide (NO) during infection and
inflammation is known to damage DNA, and it plays an impor-
tant role in cancers related to chronic infections and inflamma-
tion.[1,2] Direct treatment of DNA with NO leads to oxidation
and deamination of bases, DNA strand breakage, formation of
abasic sites, and DNA crosslinks.[3, 4] Nitric oxide also reacts rap-
idly with superoxide anion to form peroxynitrite, which is con-
sidered to be a powerful in vivo nitrating agent for biomole-
cules, including proteins, nucleic acids, and lipids.[5–8] Further-
more, NO is known to be metabolized in vivo to nitrite, which
can be oxidized by hydrogen peroxide (H2O2) in the presence
or absence of metalloproteins to form reactive nitrogen oxide
(RNOx) species, contributing to protein tyrosine nitration.[5]


Moreover, nitrite is protonated to form nitrous acid (HNO2) in
the acidic environments of lysosomes and phagocytes. The for-
mation and reactivity of HNO2 may account for an important
part of the bactericidal activity of phagocytes.[9, 10] Oxanine (5-
amino-3H-imidazo ACHTUNGTRENNUNG[4,5-d] ACHTUNGTRENNUNG[1,3]oxazin-7-one, Oxa) is a DNA lesion
product originating from reactions between the base guanine
and NO, HNO2, or the mutagen N-nitrosoindoles.[11–14] The mu-
tagenic Oxa results in misincorporation during DNA replication
and instability of the DNA helix.[15,16]


The N-glycosidic bond of 2’-deoxyoxanosine (dOxo) has
been shown to be as stable as that of dGuo,[15] indicating that
Oxa might constitute a persistent DNA lesion product. In addi-
tion, the O-acylisourea ring structure of Oxa is susceptible to
nucleophilic attack by nucleophiles on proteins, forming DNA–
protein crosslinks (DPCs).[17–19] DNA-binding proteins such as
histone, high mobility group protein, and DNA glycosylases
have been shown by gel electrophoresis to react with Oxa-


containing oligonucleotides.[18] It has been reported that base
and nucleotide excision repair enzymes can partially repair Oxa
on oligonucleotides.[20–23] Although repair of DPCs by nucleo-
tide excision repair enzymes has been demonstrated by Schiff
base formation at an abasic site (2-deoxyribonolactone) or on
aldehyde-derived 1,N2-deoxyguanosine adducts with polypep-
tides,[24–26] it is not clear whether DPCs derived from Oxa can
be repaired.


We have previously used the tripeptide GSH as a model to
study the reactivities of protein side chains with Oxa-contain-
ing DNA and have characterized two forms of DPCs—namely,
the thioester and the amide—produced through reactions of
the O-acylisourea ring structure of Oxa with thiol and amino
groups, respectively.[19] Although the possible sites of protein
reacting with Oxa have been investigated,[18,19] factors other
than nucleophilicity can influence the selectivity of a reaction
site in a protein.[27] In this study, a highly sensitive and specific
analysis based on nanoscale liquid chromatography coupled
with nanospray ionization tandem mass spectrometry
(nanoLC/NSI/MS/MS) was used to investigate the reactivity of
the amino acid side chains on lysozyme when it reacts with
dOxo and with Oxa-containing DNA.


Reactive nitrogen species are implicated in inflammatory diseases
and cancers. Oxanine (Oxa) is a DNA lesion product originating
from the guanine base through exposure to nitric oxide, nitrous
acid, or N-nitrosoindoles. Oxanine was found to mediate forma-
tion of DNA–protein cross-links (DPCs) in the cell extract. We
have previously characterized two DNA–protein cross-links from
the reaction between Oxa and glutathione: namely, the thioester
and the amide. In this study, lysozyme was used to study site-spe-
cific modification on protein by Oxa moieties in DNA. With the
aid of nanoLC coupled with nanospray ionization tandem mass
spectrometry, addition of Oxa was found at Lys13, Lys97, Lys116,
Ser85, and Ser86 of lysozyme when it was treated with 2’-deoxy-
oxanosine (dOxo). Furthermore, incubation of lysozyme with


Oxa-containing calf thymus DNA, produced by treating DNA with
nitrous acid, led to lysozyme modification at Lys116, Ser85, and
Ser86. Interestingly, none of the cysteine residues was modified
by dOxo, in contrast with our previous findings that dOxo react-
ed with oxidized glutathione disulfide, forming the thioester. This
might be due to the half-life of the dOxo-derived thioester being
2.2 days at the pH of incubation. Furthermore, the sites of modifi-
cations on lysozyme are in good agreement with the solvent ac-
cessibility of the residues. Since repair of Oxa-derived DPCs has
not been extensively investigated, these results suggest that these
stable DPCs might represent important forms of cellular damage
caused by reactive nitrogen species involved in inflammation-
related diseases.
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Department of Chemistry and Biochemistry
National Chung Cheng University
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Results and Discussion


Reaction of dOxo with lysozyme


After mixtures containing lysozyme and 100 times
molar excesses of dOxo had been incubated at 37 8C
for 24 or 48 h, modifications of lysozyme at three out
of its six lysine and two out of its ten serine residues
were observed, according to nanoLC/NSI/MS/MS
analysis of the tryptic digests. These sites of modifica-
tion were Lys13, Lys97, Lys116, Ser85, and Ser86. The
cysteine residues of the unmodified peptides were
converted into carboxyamidomethylcysteine (CAM)
residues by reduction of the protein with the reduc-
ing agent DTT, followed by alkylation with iodoaceta-
mide prior to digestion with trypsin. Carboxyamido-
methylation (+57) on cysteine, as well as addition of
an Oxa (+152) or dOxo (+268) moiety, were set as
variable modifications. The peptide fragments identi-
fied by BioWorks were assigned according to their
m/z values and their fragment ion type: that is, “y” or
“b” ions.


The collision-induced dissociation (CID) spectra of
the three lysine-modified peptides were obtained by
data-dependent MS acquisition. Interestingly, none of
their cysteine residues had been modified by dOxo,
which is in contrast to our previous report that dOxo
reacted with the oxidized glutathione disulfide, form-
ing the thioester.[19] This might be due to the short
half-life of the dOxo-derived thioester, as well as the
poor solvent accessibility of the cysteine residues
(discussed later). The lower panel of Figure 1A shows
the CID spectrum of the parent peptide in which the
b and y fragment ions are characterized by the SE-
QUEST algorithm, confirming the presence of the
CAM moiety at the first residue of the CCAMEACHTUNGTRENNUNGLA ACHTUNGTRENNUNGAA-
ACHTUNGTRENNUNGM13KR peptide. In the upper panel of Figure 1A, a
mass difference of 280 was observed between b8’
(m/z 1027.4 Da) and b7 (m/z 747.2 Da) fragment ions
in peptide CCAMELAAAM13KOxaR, corresponding to a
modification of oxanine (+152) at the eighth residue
(Lys13). A mass difference of 280 between y2’ (m/z
455.2 Da) and y1 (m/z 175.2 Da) fragment ions sup-
ports the above structural assignment. This result
also indicated that lysine residue modified with oxa-
nine was not cleaved by trypsin.


In Figure 1B, a mass difference of 152 was ob-
served between b3’ (m/z 493.3 Da) in the CID spectrum of the
modified peptide (upper panel) and b3 (m/z 341.5 Da) in that
of the unmodified peptide 97KIVSDGNGMNAWVAIR (lower
panel), corresponding to a modification of oxanine. The un-
modified y ions, including the y15 ion at m/z 1675.9 Da, in the
CID spectrum of the modified peptide (upper panel) indicated
that the peptide was not modified from the second to the last
residue, which also supported the assignment of modification
on the first residue, Lys97.


Similarly, a mass difference of 152 was observed between
the b2’ (m/z 441.2 Da) fragment ion in the CID spectrum of the
modified peptide (Figure 1C, upper panel) and the b2 (m/z
289.1 Da) fragment ion in that of the unmodified peptide
CCAMKGTDVQAWIR, corresponded to a modification of oxanine
at the second residue (Figure 1C, lower panel). Again, the
lysine residue modified with oxanine was not cleaved by tryp-
sin.


Modification of a single Oxa moiety was observed in the
peptide NLCNIPCSALLSSDITASVNCAKK. This peptide contains
three cysteine, four serine, and two lysine residues. All the


Figure 1. Modification of the lysine residues of lysozyme by dOxo. Collision-induced dis-
sociation was carried out on the [M+H]2+ ion A) at m/z 601.4 of CCAMELAAAM13KOxaR
(upper panel) and at m/z 446.7 of CCAMELAAAM13K (lower panel), B) at m/z 978.6 of
97KOxaIVSDGNGMNAWVAWR (upper panel) and at m/z 902.2 of KIVSDGNGMNAWVAWR,
and C) at m/z 743.6 of CCAM116KOxaGTDVQAWIR (upper panel) and at m/z 667.4 of
CCAM116KGTDVQAWIR (lower panel). The “ ’ ” and “CAM” superscripts represent Oxa- and car-
boxyamidomethyl modification, respectively. The “*” represents loss of a NH3 molecule.
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three cysteine residues in the parent peptide were modified as
CAM derivatives at positions 3, 7, and 21 (Figure 2A). Interest-
ingly, only Ser85 and Ser86, but not Ser81 or Ser91, were modi-
fied by an Oxa, and not at the same time, as no doubly modi-
fied peptide was detected. Figure 2B shows the CID spectrum
indicating modification of Ser85, the twelfth residue of the
peptide, based on a mass difference of 239 between the b12’
(m/z 1381.6 Da) and b11 (m/z 1142.9 Da) ions and between the
y12’ (m/z 1404.7 Da) and y11 (m/z 1165.6 Da) ions. On the other
hand, a mass difference of 222 was observed between the
b13*’ (b13’�NH3, m/z 1451.6 Da) and b12 (m/z 1229.3 Da) frag-
ment ions and between y11*’ (y11’�NH3, m/z 1300.6 Da) and y10


(m/z 1078.5 Da) fragment ions, suggesting Oxa modification
on Ser86 (Figure 2c). Furthermore, other fragment ions, includ-
ing b14’ (m/z 1583.6 Da), b15’ (m/z 1696.8 Da), and b17’ (m/z
1868.8 Da) in Figure 2B and C provided supporting evidence
for modification of one Oxa moiety, but not two, on the pep-
tide.


Although addition of an Oxa (+152) and a dOxo (+268)
moiety had been set as variable modifications for the peptide


mapping in the reaction between dOxo and lysozyme, no
modification of dOxo was observed. The 2-deoxyribose of
dOxo was probably lost because of the formic acid solution
added for centrifugation and during analysis by nanoLC/ESI/
MS.


Dose-dependent formation of dOxo-modified peptides in
ACHTUNGTRENNUNGlysozyme


The extent of dOxo modification on lysozyme sites was deter-
mined from the peak area ratios of the modified peptides
versus those of the unmodified reference peptides in the se-
lected reaction monitoring (SRM) mode. In the SRM experi-
ment, the ion trap selects the precursor ion and acquires full-
scan product ion spectra. The formation of a specific fragment
ion from each precursor ion is used to construct a chromato-
gram with the specific reaction listed in Table 1. A typical set
of nanoLC/NSI/MS/MS chromatograms of the unmodified and
modified peptides in the tryptic digest obtained after the
dOxo reaction with lysozyme are shown in Figure 3. Because


Figure 1 (continued).
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modification on the Lys residues led to miscleavage
of the site by trypsin, the Lys-modified peptides are
longer than the unmodified parent (or reference)
peptides. Nonetheless, the retention times of the
modified peptides are very close to those of their ref-
erence peptides, with a difference of less than
0.5 min.


The dose-response curves constructed in the SRM
mode revealed a dose-dependent relationship be-
tween the concentrations of dOxo and the extents of
modification at specific sites in a semiquantitative
manner. At a specific modification site, the percent-
age of modification—defined as the ratio of peak
area for the modified peptide versus the sum of peak
areas of the modified and unmodified reference pep-
tides—increases with increasing dOxo concentrations
(Figure 4). The results suggest that these modifica-
tions are indeed due to the presence of dOxo. This
quantification is in a relative sense, with the assump-
tion that the ionization efficiency of the modified
peptide is similar to that of the reference peptide.
However, both Oxa and CAM modification on Cys
might change the ionization efficiency of the pep-
tide. Furthermore, the peptides with lysine modifica-
tion were not cleaved by trypsin, so they were longer
than their reference peptides.


Treatment of oxa-containing calf thymus DNA with
lysozyme


It is of interest to know whether the sites of modifi-
cation on lysozyme reacting with the nucleoside
dOxo are the same when Oxa is present in DNA. Calf
thymus DNA was incubated with HNO2 to form Oxa,
the yield of which (6.4%) was determined by HPLC
with photodiode array detection on the mild acid hy-
drolysate of DNA.[19] Data-dependent MS analysis of
the tryptic digest of the mixture of Oxa-containing
DNA with lysozyme after incubation for 4 to 6 days
revealed modification on Lys116, Ser85, and Ser86 of
the lysozyme (Figure S1 in the Supporting Informa-
tion). The CID spectra contained the characteristic
fragment ions for structural assignments as described
for Figure 3, and the sequence coverage of these
analyses ranged from 91.5 to 95.3%.


Figure 2. Modification of the serine residues of lysozyme by
dOxo. Collision-induced dissociation was carried out on the
[M+H]2+ ion A) at m/z 1255.4 of NLCCAMNIPCCAMSALLSSDITASVN-
ACHTUNGTRENNUNGCCAMAK, B) at m/z 1274.5 of the modified peptide NLCNIPCSAL-
ACHTUNGTRENNUNGL85SOxa86SDITASVNCCAMAK at Ser85, and C) NLCNIPCSALL85S86SOxaD-
ACHTUNGTRENNUNGITASVNCCAMAK at Ser86. The observed b+ and y+ fragment ions
are shown above the spectrum. The “ ’ ” and “ CAM ” superscripts
represent addition of Oxa and carboxyamidomethyl modification,
respectively. The “*” and “o” represent loss of an NH3 and of a
H2O molecule, respectively.
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Stabilities of dOxo cross-links with GSH, NAc-Tyr, and
NAc-Lys


We wondered whether the stability of dOxo crosslinks might
have been the reason for not detecting modifications on cys-
teine and tyrosine, residues with a stronger nucleophilic side
chain than Lys. We found that the half-life of dOxo-S-GSH, the
thioester product of dOxo with glutathione,[19] at 37 8C was
11.2 days at pH 7.4 and 2.2 days at pH 8.0. On the other hand,


the product of dOxo with N-acetyltyrosine has a half-life of 5.5
and 1.4 days at pH 7.4 and 8.0, respectively. The half-life of
dOxo amide cross-linked product with glycine has been report-
ed to be 1280 h (53.3 days) at pH 7.4.[17] We also examined the
stability of dOxo cross-linked product with Na-acetyllysine and
determined its half-life as 91 and 101 days at pH 7.0 and 8.0,


Table 1. Selected reaction monitoring (SRM) conditions with peptides
containing lysine, serine, and their modifications in lysozyme by nanoLC/
NSI/MS/MS.


Position Parent and modified peptides SRM conditions (m/z)
(parent ion!daughter ion)


13Koxa CCAMELAAAMKoxaR 601.4 (2+ )!290.2 (+1) (b2)
13K CCAMELAAAMK 446.7 (2+ )!290.2 (+1) (b2)
97Koxa KoxaIVSDGNGMNAWVAWR 978.6 (2+ )!432.3 (+1) (y3)
97K IVSDGNGMNAWVAWR 839.2 (2+ )!432.3 (+1) (y3)
116Koxa CCAMKoxaGTDVQAWIR 743.6 (2+ )!673.4 (+1) (y5)
116K GTDVQAWIR 523.6 (2+ )!673.4 (+1) (y5)
85Soxa NLCNIPCSALLSoxaSDITASVN- 1274.5 (2+ )!1381.6 (+1) (b12’)


CCAMAK
86Soxa NLCNIPCSALLSSoxaDITASVN- 1274.5 (2+ )!1229.2 (+1) (b12)


CCAMAK
85S,


86S NLCCAMNIPCCAMSALLSSDITA- 1255.4 (2+ )!963.5 (+1) (y9)
SVNCCAMAK


Figure 3. NanoLC/NSI/MS/MS chromatograms of the parent and modified peptides in the tryptic digests obtained after dOxo treatment of lysozyme analyzed
under their selected reaction monitoring conditions listed in Table 1.


Figure 4. Dose-dependent formation of Oxa-modified peptides with increas-
ing dOxo concentration. The percentage of modification at each reaction
site was defined as the ratio of peak area for the modified peptide versus
the sum of peak areas of the modified and unmodified reference peptides.
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respectively. Unfortunately, we did not obtain sufficient
amounts for half-life measurement of the cross-linked product
between dOxo with N-acetylserine, due to the low reactivity of
N-acetylserine with dOxo at or near neutral pH. When dOxo
was incubated with N-acetylserine under strongly alkaline con-
ditions, dOxo decomposed to a great extent before the prod-
uct could be isolated. However, the detection of dOxo-serine
cross-links in reactions of lysozyme with dOxo and with Oxa-
containing DNA indicated that the environment of serine resi-
dues in the protein might increase its nucleophilicity.


The solvent-accessible surface area of residues with nucleo-
philic side-chains


There are eight cysteine residues in a lysozyme, forming four
pairs of disulfide bonds. The six lysine, three tyrosine, ten
serine, and eleven arginine residues are also possible sites of
modification by dOxo. What are the factors determining the
selectivity of lysozyme modification by dOxo? We show here
that the modification sites of lysozyme correlate with the sol-
vent-accessible surface areas of residues with nucleophilic
side-chains, the secondary structures of the reactive residues,
and the stabilities of the cross-links. With the aid of a comput-
er program—GETAREA 1.1 (http://pauli.utmb.edu/cgi-bin/get_
a_form.tcl)—the solvent-accessible surface areas (SASAs) of res-
idues in lysozyme with nucleophilic side-chains were calculated
and are listed in column 2 of Table 2. The results show that
none of the cysteine residues of lysozyme is solvent-exposed,
which explains in part why the most nucleophilic residues
were not modified. Furthermore, three of the six lysine resi-
dues usually considered to lie on the outside of the protein—
Lys13, Lys97, and Lys116—are found to be modified with
dOxo. In the incubation mixture of Oxa-containing DNA and ly-
sozyme, no modification on Lys13 and Lys97 was observed,
which might be due to steric hindrance, as these two residues
are part of the a-helix structure according to RasMol Molecular
Graphics (Version 2.6),[28] for which the major source of data
files is the Protein Databank at Brookhaven National Labs. On
the other hand, Lys116 is part of a b-turn structure and was
modified by the Oxa-containing DNA. It has been shown that
the reactivities of the lysine e-amino groups on lysozyme corre-
late with their surface accessibilities.[29,30]


None of the three tyrosine residues lies on the outside of
the protein. Together with the instability of the cross-linked
product, if formed, the absence of any detection of tyrosine
cross-links can thus be explained. Interestingly, two of the
three serine residues usually considered solvent-exposed—
Ser85 and Ser86—are modified. Although Ser81 is considered
highly solvent-accessible, the computer-generated structure re-
vealed that Ser81 is part of a a-helix, while Ser85 and Ser86
are part of the coil. Although most of the arginine residues are
solvent-exposed, they are not modified, possibly because of
the high pKa and low nucleophilicity of the side chain at the
pH of the incubation.


Although Oxa lesions on DNA can be repaired by base and
nuclear excision repair enzymes,[20–23] the observation that an
Oxa moiety on an oligonucleotide reacts much more rapidly


than other proteins with DNA glycosylases[18] indicates that
Oxa inactivates base excision repair enzymes. It is of interest to
determine factors governing the preference of protein targets
of Oxa. Since DPCs might be a form of cellular lesion that is
difficult to repair,[31–33] the full biological significance and con-
sequences of Oxa-derived DPC formation remains to be inves-
tigated. To the best of our knowledge, this is the first study
with convincing mass spectrometric evidence of Oxa-derived


Table 2. The solvent-accessible surface areas of residues with nucleophil-
ic side chains.


Residue Side chain [P2] Ratio [%] In/out


Cys (random coil : 102.3)
6 37.46 36.6 m


30 0.09 0.1 i
64 0 0 i
76 0.077 0.8 i
80 8.48 8.3 i
94 0 0 i


115 1.14 1.1 i
127 5.63 5.5 i
Lys (random coil : 164.5)


1 101.35 61.6 o
13 89.18 54.2 o
33 44.24 26.9 m
96 61.94 37.7 m
97 126.25 76.7 o


116 107.34 65.3 o
Tyr (random coil : 193.1)
20 68.51 35.5 m
23 95.32 49.4 m
53 49.42 25.6 m


Ser (random coil : 77.4)
24 29.98 38.7 m
36 1.2 1.5 i
50 19.72 25.5 m
60 0.16 0.2 i
72 7.33 9.5 i
81 81.11 100 o
85 48.84 63.1 o
86 51.65 66.7 o
91 0 0 i


100 28.56 36.9 m
Arg (random coil : 195.5)


5 155.93 79.8 o
14 159.32 81.5 o
21 163.5 83.6 o
45 132.51 67.8 o
61 82.8 42.4 m
68 182.79 93.5 o
73 116.84 59.8 o


112 101.34 51.8 o
114 128.22 65.6 o
125 168.92 86.4 o
128 188.68 96.5 o


[a] Solvent-accessible surface areas were calculated with GETAREA 1.1
(http://pauli.utmb.edu/cgi-bin/get_a_form.tcl). The contributions from
side chain atoms are listed in the second column. The next column lists
the ratio of side chain surface area to “random coil” value per residue.
The “random coil” value of a residue X is the average solvent-accessible
surface area of X in the tripeptide Gly-X-Gly in an ensemble of 30 random
conformations. Residues are considered to be solvent-exposed if the ratio
value exceeds 50% (marked as “o”) and to be buried if the ratio is less
than 20% (marked as “i”) in the last column. Residues with ratios be-
tween 20–50% are marked as “m”.
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DPC formation from DNA and a protein. This study should
shed light on the mechanism of DPC formation by reactive
ACHTUNGTRENNUNGnitrogen oxide species and their detection, repair, and role in
inflammation-related diseases.


Experimental Section


Materials : Double-stranded calf thymus DNA and lysozyme from
chicken egg white were purchased from Sigma. 2’-Deoxyoxanosine
(dOxo) and oxanine (Oxa) were synthesized from 2’-deoxyguano-
sine and purified by previously published procedures.[19] All re-
agents are of reagent grade or above.


Dose-dependent reaction of dOxo with lysozyme : A solution
(total volume of 100 mL) containing lysozyme (0.1 mm) and various
concentrations of dOxo (0, 0.5, 1.0, 5 or 10 mm) in potassium phos-
phate buffer (200 mm, pH 8.4) was incubated at 37 8C for 24 h. SDS
and DTT were added to a portion of the incubation mixture
(14.2 mL, 20 mg lysozyme) to give final concentrations of 1% and
10 mm, respectively, and the system was then incubated at 95 8C
for 5 min, followed by alkylation with iodoacetamide (final concen-
tration 50 mm) in ammonium bicarbonate (10 mm) at room tem-
perature for 30 min in the dark. The reagents were removed by
ACHTUNGTRENNUNGaddition of cold acetone (10 R volume) to the reaction mixture,
which was kept at �20 8C for 15 min and then centrifuged for
10 min at 23000 g at 0 8C, followed by washing with 70% cold ace-
tone (600 mL). The supernatant was removed, and the precipitate
was dried under vacuum. The precipitate was dissolved in ammo-
nium bicarbonate buffer (100 mm, pH 8.0, 40 mL), trypsin (10:1,
w/w, 2.0 mg) was added, and the system was incubated at 37 8C for
18 h. Formic acid (0.1%, 160 mL) was added to the mixture, which
was loaded onto a Nanosep 3K centrifugal device (Pall Life Scien-
ces, Ann Arbor, MI), and centrifuged at 15000g for 20 min. The fil-
trate was diluted with formic acid (0.1%), and a portion (2 mL)
equivalent to 2 pmol of the starting lysozyme was filtered through
a 0.22 mm Nylon syringe filter prior to nanoLC-nanospray ionization
tandem mass spectrometry (nanoLC/NSI/MS/MS) analysis.


Synthesis of dOxo-containing DNA : The dOxo-containing DNA
was obtained by incubating a solution containing calf thymus DNA
(final concentration of 1.5 mgmL�1) and sodium nitrite (0.5m) in
sodium acetate buffer (0.2m, pH 3.7) in a final volume of 0.5 mL at
37 8C for 24 h. The reaction mixture was precipitated with cold
ACHTUNGTRENNUNGethanol (9.5 mL) and centrifuged at 22000g at 0 8C for 20 min. The
supernatant was removed, and the precipitate was washed twice
with cold ethanol (70%, 3 mL), followed by centrifugation at
23000 g at 0 8C for 20 min. A portion of the precipitate was evapo-
rated and hydrolyzed with HCl (0.1n, 0.5 mL) at 60 8C for 30 min.
The pH of the hydrolysate was adjusted to 5.5 prior to analysis by
the following HPLC/UV system for oxanine content.[19]


HPLC chromatography was performed with a Hitachi L-7000 pump
system with a D-7000 interface (Hitachi Ltd. , Tokyo, Japan), a Rheo-
dyne injector (Rheodyne, Inc. , Cotati, CA), and an L-7450 A photo-
diode array detector (Hitachi Ltd. , Tokyo, Japan) with a Prodigy
ODS (3) column (4.6R250 mm, 5 mm column (Phenomenex,
ACHTUNGTRENNUNGTorrance, CA)). Elution was with a linear gradient from ammonium
formate buffer (50 mm, pH 5.5, 100%) to methanol in ammonium
formate (50 mm, pH 5.5, 25%) from 0 to 25 min at a flow rate of
1.0 mLmin�1.


Reaction of dOxo-containing calf thymus DNA with lysozyme : A
solution of dOxo-containing calf thymus DNA (final concentration
2.3 mgmL�1) containing Oxa (0.1 mm) and lysozyme (0.1 mm) in
potassium phosphate buffer (0.2m, pH 8.4) in a final volume of


0.1 mL was incubated at 37 8C for 4 days. HCl was added to the re-
action mixture to pH 1.0, and the mixture was heated at 70 8C for
30 min. The acid hydrolysate was neutralized to pH 7.4 with ammo-
nium bicarbonate, and the small molecules were filtered through a
Nanosep 3K centrifugal device with centrifugation at 15000g for
20 min. The cross-linked lysozyme solution above the filter was
ACHTUNGTRENNUNGdenatured, alkylated, and digested with trypsin as described
above, prior to nanoLC/NSI/MS/MS analysis.


NanoLC/NSI/MS/MS and data analysis : All MS/MS experiments for
peptide identification were performed with an LTQ linear ion trap
mass spectrometer (Thermo Electron Corp., San Jose, CA) fitted
with a nanospray ionization source. The source was coupled online
to an X’TremeSimple nanoflow LC system (Microtech, Orange, CA).
Each sample (2 mL) was manually injected onto a Bio-Basic C18
column (150 mm R 75 mm, 5 mm, 100 P, Thermo Electron Corp. ,
Bremen, Germany). The mobile phases A and B were composed of
5% and 80% acetonitrile in formic acid (0.01%, pH 3.2), respective-
ly. A linear gradient was employed from 5% B to 50% B from 0 to
60 min and from 50% B to 100% B over the next 15 min, and it
then was held at 100% B for another 10 min at a flow rate of
300 nLmin�1. The column was equilibrated with 5% B for 20 min
before the next run. The MS and MS/MS spectra were obtained at
a heated capillary temperature of 200 8C with a spray voltage of
1.3 kV, a tube lens voltage of 75 V, a normalized collision energy
setting of 45%, and an ion gauge pressure of 6.5R10�6 torr. Ions
were isolated with a mass isolation width (m/z) of 1.0. Activation
(Q value) for CID was set at 0.25 with an activation time of 30 ms.
Mass spectrometers were operated in the data-dependent scan
mode, automatically switched between full MS scan (m/z 250–
2000) and MS/MS scan for the three most abundant peaks in a
given MS spectrum. Peptide fingerprinting from the MS/MS data
was performed by use of the Turbo SEQUEST algorithm incorporat-
ed in BioWorks version 3.2 (Thermo Electron Corp., San Jose, CA)
to correlate the data against the NCBI equine protein database
(National Center for Biotechnology Information, Bethesda, MD).
Monoisotopic mass was used for the search. The mass tolerances
for peptide and fragment ions were at 2.0 and 1.0 amu, respective-
ly. The default charge was +2, and two trypsin miss cleavage were
allowed. Carboxyamidomethylation (+57) on cysteine as well as
addition of an Oxa (+152) or dOxo (+268) moiety were set as vari-
able modifications.


The selected reaction monitoring (SRM) experiments were per-
formed by selecting the precursor ion and acquiring full-scan prod-
uct ion spectra. The formation of a specific fragment ion from each
precursor was used to construct the chromatogram. The collision
gas was argon, and the collision energy was 45%. The specific SRM
conditions for peptides containing lysine, serine, and their modifi-
cations are listed in Table 1.


Stabilities of dOxo cross-links with GSH, NAc-Tyr, and NAc-Lys :
The cross-linked products of dOxo with glutathione (GSH), N-ace-
tyltyrosine (NAc-Tyr), and Na-acetyllysine (NAc-Lys) were synthe-
sized and purified from incubation mixtures of dOxo with GSH or
NAc-Tyr or NAc-Lys by reported procedures.[19] The purified dOxo-
GSH, dOxo-NAc-Tyr, or dOxo-NAc-Lys (0.1 mm) was incubated in
potassium phosphate buffer (100 mm, pH 7.4 or 8.4) at 37 8C, and
the reaction was monitored for the recovery of the starting materi-
al with time by the reversed-phase HPLC method reported previ-
ously.[19]


Abbreviations : CID, collision-induced dissociation; DDT, dithio-
threitol; DPCs, DNA–protein cross-links; GSH, reduced glutathione;
NAc, N-acetyl, dOxo, 2’-deoxyoxanosine (5-amino-3-b-(d-2’-deoxy-
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ACHTUNGTRENNUNGribofuranosyl)-3H-imidazoACHTUNGTRENNUNG[4,5-d]ACHTUNGTRENNUNG[1,3]oxazine-7-one); NSI/MS/MS,
nanospray ionization tandem mass spectrometry; Oxa, oxanine (5-
amino-3H-imidazo ACHTUNGTRENNUNG[4,5-d] ACHTUNGTRENNUNG[1,3]oxazin-7-one); RNOx, reactive nitrogen
oxide species; SASA, solvent-accessible surface area; SRM, selected
reaction monitoring.
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Naturally Occurring Small-Molecule Inhibitors of
Hedgehog/GLI-Mediated Transcription
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Introduction


The hedgehog (Hh)/GLI signaling pathway plays an important
role in a variety of aspects of vertebrate development, includ-
ing pattern formation and proliferation, and differentiation of a
number of different cell types. The vertebrate hedgehog family
includes three members: sonic hedgehog (Shh), desert hedge-
hog, and indian hedgehog. Shh is the most extensively charac-
terized vertebrate homologue and is important during embry-
onic development, particularly for the regulation of pattern
ACHTUNGTRENNUNGformation and induction of cell proliferation in numerous tis-
sues.[1–3]


Hh signal transduction is initiated by the induction of the
Hh precursor protein (45 kDa) in Hh-sending cells, after which
the precursor undergoes autocatalytic processing and modifi-
cation. The precursor is cleaved to a 20 kDa N-terminal signal-
ing domain and a 25 kDa C-terminal catalytic domain.[4] After
autoprocessing of the precursor, a cholesterol molecule is
bound covalently to the carboxy terminus of the N-terminal
domain. The modified N-terminal signaling domain is secreted
into the cytosol as a Hh ligand. On the Hh-receiving cells,
Patched (Ptch), a twelve-pass transmembrane protein, interacts
with the Hh ligand and Smoothened (Smo), a seven-pass trans-
membrane protein that is a signal transducer.[5] In the absence
of Hh ligand, Ptch interacts with Smo to inhibit its function
and prevent activation of the downstream signaling cascade.
Once the Hh ligand binds to Ptch along with Hh-interacting
protein, Smo inhibition is released; this results in the activation
of a downstream signaling cascade. This causes the release of
the transcriptional factor GLI from a macromolecular complex
on microtubules that includes the suppressor of fused, fused,
protein kinase A, GLI and possibly other components.[6]


GLIs, which are zinc-finger transcription factors participate in
the final step of the Hh/GLI signaling pathway, and they regu-


late several genes, including those that are related to cell cycle
control and Hh/GLI signaling.[7] GLI1 acts as a transcriptional
activator, whereas GLI2 and GLI3 act as both activators and
ACHTUNGTRENNUNGrepressors.[8] All GLIs bind to DNA through five zinc-finger do-
mains that recognize the consensus GLI-selective sequence 5’-
GACCACCCA-3’, which regulates transcription.[9,10]


Besides its crucial roles in development, aberrant Hh/GLI sig-
naling in adult tissues has recently been implicated in cancer
formation and development[11,12] in the skin,[13] brain,[14] pros-
tate,[15] upper gastrointestinal tract,[16] pancreas[17] and lung.[18]


In several types of human tumors, such as basal cell carcinoma
and medulloblastoma, Hh/GLI signaling is constitutively acti-
vated due to mutations in Ptch or Smo; this leads to GLI-medi-
ated transcriptional activation and therefore tumor formation
and progression.[19] Thus, interfering with GLI function, which is
the last step in Hh/GLI signaling might be a good target for
the development of therapies for treating cancers that are
caused by mutations in Smo or Ptch.
Natural products have played a prominent role in drug dis-


covery for many years.[20] We have previously isolated a variety
of naturally occurring bioactive compounds from tropical
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The aberrant hedgehog (Hh)/GLI signaling pathway causes the
formation and progression of a variety of tumors. To search for
Hh/GLI inhibitors, we screened for naturally occurring inhibitors
of the transcriptional activator GLI1 by using a cell-based assay.
We identified zerumbone (1), zerumbone epoxide (2), staurospori-
none (9), 6-hydroxystaurosporinone (10), arcyriaflavin C (11) and
5,6-dihydroxyarcyriaflavin A (12) as inhibitors of GLI-mediated
transcription. In addition, we isolated physalins F (17) and B (18)
from Physalis minima, which are also potent inhibitors. These
compounds also inhibited GLI2-mediated transactivation. Semi-


quantitative RT-PCR and Western blotting analysis further re-
vealed that 1, 9, 17, and 18 decreased Hh-related component
ACHTUNGTRENNUNGexpressions. We also show that inhibitors of GLI-mediated trans-
activation reduce the level of the antiapoptosis Bcl2 expression.
Finally, these identified compounds were cytotoxic to PANC1 pan-
creatic cancer cells, which express Hh/GLI components. These re-
sults strongly suggest that the cytotoxicity of the compounds to
PANC1 cells correlates with their inhibition of GLI-mediated tran-
scription.
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plants, myxomycetes (true slime molds) and seaweed.[21,22] Cy-
clopamine and jervine are natural steroidal alkaloids from
plants of the genus Veratrum that block the Hh signaling path-
way by antagonizing Smo function.[23] Other Hh signaling an-
tagonists, in fact, are currently entering clinical trials. In addi-
tion, synthetic inhibitors of GLI-mediated transcription have
been reported,[24,25] but there is still an urgent need to find
potent inhibitors of this transcription factor.
Here, we constructed a cell-based reporter assay of GLI-


mediated transcription to search for natural products that
ACHTUNGTRENNUNGinhibit GLI. We identified several types of active compounds
from natural products and plant extracts libraries. Finally, we
determined the effect of these inhibitors on protein expres-
sion.


Results and Discussion


Construction of a cell-based assay of GLI1-mediated
ACHTUNGTRENNUNGtranscription


To find specific inhibitors of Hh/GLI signaling pathway from a
compound library and natural resources, we constructed a cell-
based reporter assay for measuring the transcriptional activity
of GLI1, which constitutes the final step in the Hh signaling
pathway. We targeted the GLI-mediated transcription, which is
the last step of the Hh/GLI signaling pathway. Although Regal
et al.[26] previously established an assay by using HaCaT cells
that express GLI1 or GLI2 under tetracycline control (T-REx
system), we altered this system to make it simpler and more
sensitive. We began with a new reporter vector that has 12
consecutive GLI binding sites (12GGACCACCCA), a TK promot-
er, and a luciferase gene (Figure 1). The 12 consecutive GLI
binding sites and the TK promoter were inserted into the
pGL4.20 plasmid (Promega) via the NheI/BglII restriction sites.
The constructed plasmid, pGL4-GLI BS, was transiently trans-
fected into HaCaT cells that express exogenous GLI1 protein
under tetracycline control. The luciferase activity in the pres-
ence of tetracycline (+Tc) was 12.3-fold higher than in its ab-
sence (�Tc; Figure 2A). This indicates that an increase of re-


porter activity depends on the production of endogenous GLI1
protein. Thus, a decrease of reporter activity by samples shows
the inhibition of GLI1-mediated transcription. For construction
of a stable expression system, cells that were stably transfected
with pGL4-GLI BS were selected with puromycin. The luciferase
activities were measured for all of the transfectants, and one of
them showed a 9.3-fold difference (+Tc/�Tc) (Figure 2B). This
transfectant (HaCaT-GLI1-luc) was selected for the screening of
compounds and natural resources.
Next, we optimized the screening protocol, including the


cell numbers, time of incubation with tetracycline, and the
time of incubation with test samples. The expression level of
GLI1 protein was assessed by Western blotting at 6, 12, and
18 h after the addition of tetracycline (Figure 2C). We found
that sufficient levels of exogenous GLI1 protein were expressed
after 6 h. For screening in 24 or 96-well plates, we measured
the luciferase activity of 0.2, 0.5, 1 and 2G105 cells per well at
6, 12, 24, 30, and 36 h after the addition of tetracycline, and
we calculated the ratio of activity compared to that in the
ACHTUNGTRENNUNGabsence of tetracycline (+Tc/�Tc; Figure 2D). The level of GLI1
protein and the luciferase activity nearly reached a plateau
after 24 h at all cell densities except for 2.0G105 cells per well.
To determine the effects of the inhibitors, we measured the ac-
tivity of test samples between 12 and 24 h after the addition
of tetracycline because the effect of compounds on transacti-
vation of luciferase cannot be detected clearly at the plateau
point of luciferase expression.
This assay could detect not only GLI1-mediated transcrip-


tional inhibitors but also inhibitors of CMV promoter activation
if both the sample and tetracycline were incubated at the
same time. Indeed, we found that two natural products from
the methanol extract of Cassia alata, kaempferol and naringe-
nin, reduced the luciferase reporter activity, but their effects
were due to the inhibition of the CMV promoter activity of the
GLI1 expression vector, pcDNA3.1-GLI1 (Figure 2E). This finding
was further confirmed by the fact that kaempferol reduced the
luciferase activity in a transient transfection experiment by
using pCMV-luc (data not shown). To avoid selecting inhibitors
of the CMV promoter, it is essential that there is a sufficient


amount of GLI1 protein in the cells at the time of
sample addition. Figure 2F shows the time courses of
luciferase activity under two conditions: removal of
tetracycline (+Tc!�Tc) and non-removal of tetracy-
cline (+Tc!+Tc) after a 12 h treatment with tetracy-
cline. The luciferase activity of the +Tc!�Tc condi-
tion remained a constant value for 24 h after, where-
as the activity in the +Tc!+Tc condition increased
due to continued GLI1 production. The production of
GLI1 via the CMV promoter was almost halted by re-
moving tetracycline. Thus, by removing tetracycline
(+Tc!�Tc), the contribution of the CMV promoter
to the effects of the test sample can be essentially
eliminated. Thus, the assay protocol was as follows.
First, GLI1 protein expression was induced by a 12 h
treatment with tetracycline. Tetracycline was then re-
moved. Finally, the cells were treated with test sam-
ples for 12 h.


Figure 1. The constructed assay system. pcDNA3.1-GLI1 expresses GLI1 protein by a
ACHTUNGTRENNUNGtetracycline-regulated CMV promoter, and GLI1 protein binds onto GLI binding sites of
pGL4-GLI BS. Tetracycline removes TetR to start GLI1 protein expression (T-REx system).
Tc, tetracycline; TetR, tetracycline repressor; TetO, tetracycline operator; CMV, human
ACHTUNGTRENNUNGcytomegalovirus promoter; GLI1, transcription factor of Hh/GLI signaling pathway.
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Figure 2. Analysis of the screening system. A) Constructed pGL4-GLI BS was transiently transfected into HaCaT cells that express exogenous GLI1 protein by
regulation with tetracycline. GLI1 induction by tetracycline addition increased luciferase activity at 24 h after the addition of tetracycline. �Tc, untreated with
tetraycyline. B) HaCaT cells stably transfected with pGL4-GLI BS were treated with tetracycline for 24 h to induce exogenous GLI1 protein and luciferase activi-
ty. C) GLI1 protein inductions at each time of 0, 6, 12, and 18 h after the addition of tetracycline were examined with Western blotting analysis. D) HaCaT-
GLI1-luc cells of 0.2, 0.5, 1 and 2G105 cells per well were treated with tetracycline, and the luciferase activity was measured at each time (6, 12, 24, 30 and
36 h). All of the measurements of luciferase activity were performed in triplicate, and data were shown as the mean s.d. E) Kaempferol inhibited the exoge-
nous GLI1 expression by disturbing CMV promoter activity. Cells (HaCaT-GLI1-luc) were treated with kaempferol and tetracycline for 24 h, and then exogenous
GLI1 expression was checked by Western blotting analysis. F) HaCaT-GLI1-luc cells were treated with tetracycline for 12 h. After removing tetracycline by
washing with PBS, the cells were incubated in tetracycline-free medium (&) or in tetracycline-containing medium (&) for 6, 12, 24 and 30 h. At each time, the
luciferase activity was measured in triplicate, and the data are shown as the mean s.d.


1084 www.chembiochem.org @ 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 1082 – 1092


M. Ishibashi et al.



www.chembiochem.org





It is also possible that a decrease in luciferase reporter activi-
ty in this assay is due to the cytotoxicity of the test samples.
We therefore also examined the cytotoxicity of samples by
using a fluorimetric microculture cytotoxicity assay (FMCA).[27]


We designated samples that exhibit both low luciferase report-
er activity and high cell viability as “positive”, which means
that they are inhibitors of GLI1-mediated transcription.


To elucidate that our assay system targets downstream of
Smo, cyclopamine, a Smo antagonist, was tested, and as we
expected, cyclopamine did not decrease the reporter activity
at 40 mm in our system. Because of overexpressed GLI1, the in-
hibitors that were found in this screening system most proba-
bly act downstream of GLI. Thus, our assay system would find
Hh/GLI inhibitors that are different from Smo antagonists such
as cyclopamine.


Screening of our natural products library


By using our cell-based assay system, the screening was per-
formed with 94 compounds from our natural product library,
including terpenoids, flavonoids, phenylpropanoids, their gly-
cosides and bisindole alkaloids at concentrations of 25 and
2.5 mgmL�1. We identified two sesquiterpenes and four bis-
ACHTUNGTRENNUNGindole alkaloids as inhibitors of GLI-mediated transcription
(Scheme 1A and B; Table 1). Sesquiterpenes zerumbone (1)[28]


and zerumbone epoxide (2)[29] inhibited the transcriptional
ACHTUNGTRENNUNGactivity of GLI1 with IC50 values of 7.1 and 55 mm, respectively,
whereas humulene (3),[30] buddledone A (4),[31] humulene epox-
ide-III (5),[32] 6-methoxy-(2E,9E)-humuladien-8-one (6),[33] humu-
lene epoxide-II (7),[34] and humulene 2,3;6,7-diepoxide (8),[35]


which have the same chemical skeletons as zerumbone, were
inactive even at 25 mgmL�1. Bisindole alkaloids staurospori-
none (9),[36] 6-hydroxystaurosporinone (10),[36] arcryaflavin C
(11),[37] and 5,6-dihydroxyarcyriaflavin A (12)[36] also inhibited
the transcriptional activity of GLI1, with IC50 values of 1.8, 3.6,
11.3 and 6.9 mm, respectively, whereas lycogarubin C (13),[38] ly-
cogarubin B (14),[38] lycogarubic acid A (15),[39] and lycogarubic
acid methyl ester (16)[40] were inactive even at 25 mgmL�1.
Compounds 1, 2, 9, 10, 11, and 12 dose-dependently inhibited
GLI1-mediated transcription, but had little effect on cell viabili-
ty at concentrations that inhibited GLI1-mediated transcription
(Figure 3A–F).


Screening of plant extracts and isolation of naturally occur-
ring compounds that inhibit GLI-mediated transcription


We next screened our library of 192 tropical plant extracts at
100 and 50 mgmL�1, and the potently cytotoxic extracts were


Scheme 1. The chemical structures of identified natural products that inhibit
GLI-mediated transcription and the related compounds. A) Sesquiterpenes
1–8. B) Bisindole alkaloids 9–16. C) Physalins 17–19.


Table 1. IC50 values of GLI1 and GLI2 transcriptional inhibitory activity.


Compound GLI1[a] GLI2[a]


1 7.1 (1.5) 0.91 (0.23)
2 55 (13.0) 90 (21.3)
9 1.8 (0.57) 2.7 (0.84)


10 3.6 (1.18) n.d.
11 11.3 (4.0) n.d.
12 6.9 (2.5) n.d.
17 0.66 (0.35) 1.4 (0.80)
18 0.62 (0.32) 1.5 (0.80)


cyclopamine >40


[a] mm (mgmL�1), n.d. not determined.
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again screened at lower concentrations (10 and 1 mgmL�1). We
found 15 extracts that dose-dependently reduced the reporter
luciferase activity, but had little or no effect on cell viability. Of
these extracts, the methanol extract of Physalis minima had
the highest activity, with 34% reporter activity but 97% cell vi-
ability at 10 mgmL�1. The methanol extract of P. minima (2.7 g)
was partitioned between H2O, and n-hexane and ethyl acetate.
Cells that were treated with 10 mgmL�1 of the n-hexane and


the ethyl acetate fractions showed 51% and 20% reporter
ACHTUNGTRENNUNGactivity and >95% cell viability. Because TLC analysis of the
n-hexane and the ethyl-acetate-soluble fractions revealed the
presence of nearly the same compounds, we combined and
further purified them by consecutive steps of silica gel column
chromatography, Sephadex LH-20 column chromatography
and reversed-phase HPLC. This gave three compounds 17, 18,
and 19 (Scheme 1C), which were identified as physalin F


Figure 3. Inhibitors that were identified from the screening showed GLI1-mediated transcriptional inhibitory activity (solid column) in a dose-dependent
manner with high cell viability (solid curves). Compounds were assayed in triplicate. All compounds were added as DMSO solutions. Bars, s.d.
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(17),[41] physalin B (18),[42] and isophysalin B (19)[43] by compar-
ing their spectral data with reported values. Physalins F (17)
and B (18) dose-dependently inhibited GLI1-mediated tran-
scriptional activity with little or no effect on cell viability (Fig-
ure 3G and H). The IC50 values of these two compounds in this
assay were 0.66 mm (0.35 mgmL�1) and 0.62 mm (0.32 mgmL�1),
respectively (Table 1). In addition, it should be emphasized that
the compounds did not reduce the viability of HaCaT normal
human keratinocytes near their IC50 concentrations.
There are three homologues of GLI in vertebrates: GLI1, GLI2


and GLI3.[8] GLI1 and GLI2 act as positive mediators of Hh/GLI
signaling pathway in not only vertebrate development but
also in tumor progression, and they share a high degree of ho-
mology. To examine whether the inhibitors of GLI1-mediated
transcription also reduce GLI2-mediated transactivation, we
transiently transfected pGL4-GLI BS into HaCaT cells that ex-
press GLI2 deleted of the N-terminal repressor domain
(GLI2DN) under tetracycline control.[6, 26] The transfectant was
treated with tetracycline for 12 h to induce the expression of
exogenous GLI2, followed by different concentrations of com-
pounds 1, 2, 9, 17, and 18, which inhibited GLI1-mediated
transcription. All five compounds inhibited GLI2-mediated tran-
scription, and their IC50 values were 7.1, 90, 2.7, 1.4, and
1.5 mm, respectively (Table 1). Thus, the relative potencies of
the compounds for inhibition of GLI1 and GLI2-mediated tran-
scription were similar.


Inhibition of GLI-mediated expression


During the screening of compounds that inhibit GLI1 and
GLI2-mediated transcription, we identified three classes: ses-
quiterpenes 1 and 2, bisindole alkaloids 9, 10, 11 and 12, and
13,14-seco-16,24-cyclosteroids 17 and 18 (Scheme 1). We next
investigated whether these compounds inhibit GLI-mediated
protein expression. Because the expression of GLI1 and PTCH
are known to depend on GLI-mediated transcription,[44] we
ACHTUNGTRENNUNGinvestigated the effect of zerumbone (1), staurosporinone (9),
physalin F (17) and physalin B (18) on their expression in
HaCaT cells that express exogenous GLI1 or GLI2. First, we con-
firmed that GLI1 protein was expressed in HaCaT cells under
tetracycline control by Western blotting. Sufficient GLI1 protein
was expressed even after the addition of the compounds (Fig-
ure 4B); this confirms that the compounds do not inhibit the
CMV promoter, and that assay system functioned correctly. We
first investigated the effect of compounds 1, 9, 17 and 18 on
the level of PTCH in GLI1-expressing HaCaT cells. Western blot-
ting revealed that all of the compounds reduced the level of
PTCH protein (Figure 4A).
Compounds 1, 9, 17 and 18 also inhibited GLI2-mediated


transcription in a transient transfection experiment. We next in-
vestigated the effect of the compounds on the expression of
GLI1 and PTCH proteins in HaCaT cells that express exogenous
GLI2. GLI2 has been reported to induce GLI1 expression by
binding to its promoter region.[45] In GLI2-expressing HaCaT
cells under tetracycline control, the addition of tetracycline
ACHTUNGTRENNUNGinduced the expression of GLI1 and PTCH protein (Figure 4C).


We found that compounds 1, 9, 17 and 18 caused a clear
ACHTUNGTRENNUNGdecrease in the expression of GLI1 and PTCH (Figure 4C).
The antiapoptosis protein Bcl2 is another target of the Hh/


GLI signaling pathway. Previous studies have showed that
transactivation of bcl-2 is regulated by Hh/GLI signaling
through GLI1[46] and GLI2.[47] These reports suggest that aber-
rant Hh/GLI signaling is related to the antiapoptotic character
of cancer cells due to enhanced expression of Bcl2 protein. We
therefore analyzed the effect of compounds 1, 9, 17 and 18 on
the level of Bcl2 protein in HaCaT cells that express GLI1 or
GLI2 under tetracycline control. In both exogenous GLI1 and
GLI2-expressing cells, Bcl2 protein expression was increased
when tetracycline was added, and the addition of compounds
1, 9, 17, and 18 reduced the level of Bcl2 protein (Figure 4D
and E). We further examined whether the inhibitors reduced
the bcl2 promoter transcriptional activation by using PANC1
cells that express Hh/GLI signaling components. The pGL3-bcl2
reporter vector that possesses the bcl2 5’-flanking region with
consensus 7GGLI binding sites was transiently transfected into
PANC1 cells. After treatment of compounds 9, 17, 18 and cy-
clopamine, the luciferase reporter activities were reduced. The
bcl2 promoter activity showed 9, 61% at 16 mm ; 17, 74% at
3.8 mm ; 18, 68% at 3.9 mm ; and cyclopmaine, 72% at 20 mm,
respectively. These inhibitors of GLI-mediated transcription
reduce the expression of the antiapoptotic protein Bcl2. This
result also supports the reported relation between Hh antago-
nists and inhibition of Bcl2 expression.[47]


Zerumbone (1), which was isolated from Zingiber zerumbet,
has been studied as a compound that causes cell death by
ACHTUNGTRENNUNGinducing apoptosis.[48] This compound induces apoptosis in
HepG2 cells by suppressing the expression of the antiapoptotic
protein Bcl2, and by up-regulating the expression of the proa-
poptotic protein Bax; this results in an increase in the Bax/Bcl2
ratio.[49] Also, GLI binding sites have been reported in the bcl2
5’-flanking region.[46,47] Our findings suggest that the suppres-
sion of Bcl2 expression might be due to the inhibition of GLI-
mediated transcription. Murakami et al.[50] examined the struc-
ture–activity relationship of zerumbone, and they found that
an a,b-unsaturated carbonyl group might play a pivotal role in
interactions with target molecules. Zerumbone (1) was the
most potent inhibitor of GLI-mediated transcription of the ses-
quiterpenes (compounds 1–8). Our results also show that the
a,b-unsaturated carbonyl group in zerumbone is important for
the inhibition of GLI-mediated transcription.
In our GLI-mediated transcriptional inhibitory assay, bisindole


alkaloids 9–12 inhibited GLI-mediated expression, whereas
compounds 13–16 did not. Thus, it appears that C2 and C2’
bonds in the structure of bisindole alkaloids are important for
the inhibition of GLI-mediated transcription. Recent studies
have showed that GLI transcription requires protein kinase C-d
(PKC-d).[51] Because bisindole alkaloids have been reported as
kinase inhibitors, compounds 9–12 could exhibit the inhibition
of protein kinases that participate in GLI-mediated transactiva-
tion.
Physalins have been studied as cytotoxic compounds


against many cancer cell lines.[52] Jacobo-Herrera et al. reported
that physalins were modulators of the NF-kB cascade, and
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showed inhibitory activity on PMA-induced NF-kB activation.[53]


From theses reports, the mechanism of GLI-mediated transcrip-
tional inhibition by physalins might include a path of PKC in-
hibition.
Compounds 1, 9, 17 and 18 have a different mechanism of


action from cyclopamine, which is an antagonist of Smo, be-
cause cyclopamine did not decrease the reporter activity in
our assay system. This is the first report that these natural
products act as inhibitors of GLI-mediated transcriptional activ-
ity.


Effect of inhibitors on PANC1 cell


PANC1, a human pancreatic cancer cell line, expresses numer-
ous Hh/GLI signaling pathway components, including Shh,
Ptch, suppressor of fused, GLI1 and GLI2; this indicates that
the Hh/GLI signaling pathway is activated in PANC1 cells. We
confirmed the effect of compounds (1, 9, 17, and 18) on the
Hh/GLI signaling components’ expression in PANC1 cells by


semiquantitative RT-PCR analysis (Figure 5A). These com-
pounds decreased the mRNA expression of Gli1, Gli2 and Ptch
genes. These results indicate that the compounds inhibit the
expression of these components at the transcriptional level.
We further examined the effect of 17 and 18 on the protein
expression of PTCH in PANC1 cells (Figure 5B). These inhibitors
apparently decrease the PTCH expression in PANC1 cells at
4 mgmL�1. We investigated the effects of compounds 1–7, 9,
17, and 18 on the viability of PANC1 cells by using a fluorimet-
ric microculture cytotoxicity assay (FMCA).[27] Compounds 1, 9,
17, and 18 were cytotoxic to PANC1 cells with IC50 values of
40, 68, 2.6, and 5.3 mm, respectively (Table 2). We also exam-
ined the cytotoxicity against a mesenchymal progenitor
(C3HT10T1/2) cell line that is derived from the mouse embry-
onic mesoderm, which is Hh responsive but not reliant on Hh
for survival. The cyctotoxicity of compounds 9, 17, and 18
against PANC1 cells were from three- to fivefold higher than
that against C3H10T1/2 cells, although 1 showed the similar
IC50 values of both PANC1 and C3H10T1/2 cells. On the other


Figure 4. Evaluation of identified inhibitors in GLI-mediated transcriptional inhibition by Western blotting analysis. A) HaCaT cells that express tetracycline-
regulated exogenous GLI1 were treated with tetracycline to induce exogenous GLI1 protein for 12 h. After treatment with the inhibitors 1, 9, 17 and 18 of
each concentration for 24 h, PTCH protein expression was analyzed by Western blotting. B) Treatment with tetracycline induced exogenous GLI1 protein, and
the inhibitors did not inhibit the exogenous GLI1 production. C) The HaCaT cells that express GLI2 protein were treated with the inhibitors after tetracycline
addition, the production of GLI1 and PTCH proteins also decreased. D) and E) The effects on BCl2 protein expression in GLI1 (D) and GLI2-expressing cells (E)
were examined by Western blotting analysis. The HaCaT cells that express exogenous GLI1 or GLI2 were treated with the inhibitors for 24 h, and the BCl2 ex-
pression was examined by Western blotting analysis. All of the experiments were performed twice. The HaCaT cells were treated with the inhibitors for 24 h.
The proteins were separated with 7.5% (GLI1 and PTCH) and 12.5% (BCl2) SDS-PAGE. The proteins were detected by immunoblotting by using specific anti-
body. The b-actin was used as a control. The treatment concentrations (10 and 5 mgmL�1 for 1, 8 and 4 mgmL�1 for 9, 4 and 2 mgmL�1 for 17, and 4 and
2 mgmL�1 for 18) corresponded to 46 and 23 mm for 1, 25 and 13 mm for 9, 7.6 and 3.8 mm for 17, and 7.8 and 3.9 mm for 18, respectively.
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hand, cyclopamine also showed cyctotoxicities against both
PANC1 and C3H10T1/2 cells with IC50 values of 8.0 and
24.9 mm, respectively. The cytotoxic activity of 9, 17, and 18
could be related to their inhibition of GLI-mediated transcrip-
tion because physalins 17 and 18 showed both potent inhibi-
tion of GLI-mediated transcription and potent cytotoxicity in
PANC1 cells.


Conclusions


We have identified several types of naturally occurring inhibi-
tors of GLI-mediated transcription by using a cell-based assay;
zerumbone (1), zerumbone epoxide (2), staurosporinone (9), 6-
hydroxystaurosporinone (10), arcyriaflavin C (11), 5,6-dihydrox-
yarcyriaflavin A (12), physalin F (17) and physalin B (18). We
confirmed their activities in mRNA and protein-expression ex-
periments. These compounds have a different mechanism of


action from cyclopamine, which is an inhibitor of Smo. Physa-
lins from Physalis minima showed the most active GLI-mediat-
ed transcriptional inhibitory activity in our identified com-
pounds. In addition, the compounds might be useful tools for
investigating the Hh/GLI signaling pathway, and they might be
good leads for the development of new agents for the treat-
ment of cancer.


Experimental Section


Materials : Optical rotations were measured on a JASCO P-1020 po-
larimeter. The NMR spectra were recorded on JEOL JNM ecp600
and A500 spectrometers. High-resolution ESI-MS was obtained on
a Micromas LCT Spectrometer. HPLC was carried out on Shimadzu
LC-10ADvp pump that was equipped with a SPD-M10vp detector
(l=254 nm), and a Mightysil, RP-18 GP (4.6G250 mm i.d.) for ana-
lytical HPLC and a Develosil ODS-HG-5 column (10G250 mm i.d.)
for preparative HPLC, by using a H2O/MeOH solvent system.


Cell culture conditions : HaCaT cells were cultured in Dulbecco’s
modified Eagle Medium (DMEM, high glucose, Wako, Osaka, Japan)
that contained 5% fetal bovine serum (FBS, biowest, Miami, FL,
USA) and streptomycin/penicillin (Gibco). PANC1 cells, which were
provided from RIKEN BRC, were grown in RPMI-1640 medium
(Wako) supplemented with 10% FBS. C3H10T1/2 cells that were
provided from RIKEN BRC were maintained in DMEM (high glucose,
Wako) + 10% FBS.


Plasmid construct : The pGL4-GLI BS construct was made by insert-
ing the 12GGLI binding region of the 12GLI-TKO-luc vector, which
was provided by Dr. Rune ToftgOrd. The GLI binding region was
amplified with PCR with KOD-Plus-DNA polymerase (TOYOBO,
Osaka, Japan). PCR was performed by using 94 8C for 5 min, fol-
lowed by 30 cycles of 94 8C for 30 s, 68 8C for 30 s, and a final elon-
gation step 68 8C for 5 min. The final 449 bp PCR product was cut
with NheI and BglII, and was then inserted into NheI/BglII cut of
pGL4-2.0 (Promega). The constructs were sequence verified.


Transfection : Tetracycline-regulated HaCaT cells (T-REx system) that
expressed the transcriptional factor GLI1, which was provided by
Drs. Frits Aberger and Gerhard Regl were transfected with pGL4-
GLI BS with Lipofectamine 2000 (Invitrogen); 90% confluent HaCaT
cells were plated on a 10 cm dish. On the next day, the cells were
transfected with the pGL4-GLI BS luciferase construct (12 mg) to-
gether with Lipofectamine 2000 (20 mL). Two days later, puromycin
(10 mgmL�1) was added into the medium for stable cell line selec-
tion. By repeatedly changing the medium with puromycin, 46
transfectants were obtained, and the luciferase activity of these
transfectants was checked by the addition of tetracycline to
choose one for screening study.


The constructed screening system : In this constructed cell-based
assay system, three plasmids (pcDNA6/TR, pcDNA3.1-GLI1, and
pGL4-GLI-luc) were stably cotransfected in the assay cell. The
pcDNA3.1-GLI1 plasmid produced exogenous GLI1 proteins, and
pGL4-GLI-luc plasmid was a reporter construct that produced luci-
ferase by GLI1-mediated transactivation. This assay was based on
“tetracycline-regulated expression system (Tet-On system)”, and the
expression of GLI1 was regulated by the tetracycline repressor. The
addition of tetracycline produced an amount of exogenous GLI1
proteins in the assay cell, and subsequently the luciferase expres-
sion was increased.


Natural products and plant extracts screening : With the estab-
lished screening cells (HaCaT-GLI1-Luc), 94 members of our natural


Figure 5. Effect of inhibitors on Hh/GLI signaling component expressions in
PACN1 cells. A) Semiquantitative RT-PCR. PANC1 cells were incubated with or
without each inhibitor, 1, 9, 17, and 18 for 24 h. mRNA expression of Gli1,
Gli2, and Ptch in untreated and inhibitor-treated cells were shown with that
of Gapdh. B) Western blotting analysis of PTCH in PANC1 cells. PANC1 cells
were treated with inhibitors 17 and 18 for 24 h, and PTCH protein expres-
sion was analyzed by Western blotting. b-Actin was used as a control.


Table 2. IC50 values of cytotoxicity against PANC1 and C3H10T1/2 cells.


Compound IC50 values
[a]


PANC1 C3H10T1/2


1 68.8 (15.0) 70.7 (15.4)
2 >85.4 (>20) >85.4 (>20)
3 191 (39) >123 (>25)
4 >227 (>50) >113 (>25)
5 144 (32) >112 (>25)
6 136 (34) >100 (>25)
7 >200 (>50) >105 (>25)
9 40.8 (12.7) 137 (42.6)


17 2.7 (1.4) 15.0 (7.9)
18 5.3 (2.7) 17.0 (8.7)


cyclopamine 8.0 24.9


[a] mm (mgmL�1).
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products library and 192 substances from the tropical plant extract
library, which was collected in the southeastern parts of Thailand
were examined. In this screening, both reporter luciferase-activity-
mediated GLI1 transcription and the cell viability of the treated
cells were coinstantaneously determined as described in the luci-
ferase assay. Two different final concentrations of 25 and
2.5 mgmL�1 were performed in the natural products screening, and
the plant extracts library were screened at 100 and 50 mgmL�1. The
samples that exhibited high cyctotoxicity (<50%) at their screen-
ing concentrations were examined again at lower concentrations.


Plant material and isolation of physalins from P. minima : The
GLI1 inhibitory screening identified Physalis minima as a hit plant.
The whole part of Physalis minima was collected in Khon Kaen,
Thailand in September 2001, and was identified by T.K. A voucher
specimen (7-019) was maintained at the Faculty of Agriculture,
Khon Kaen University. The whole parts of P. minima were extracted
with MeOH, the MeOH extract (2.7 g) was partitioned with H2O
and n-hexane, EtOAc, and afforded an n-hexane extract (584.9 mg),
an EtOAc extract (391.8 mg) and a H2O extract (1.41 g). In the GLI1
transcriptional inhibitory assay, the hexane and EtOAc extracts
were active at 10 mgmL�1. Their luciferase reporter activities of
each extract was 51% and 21%, respectively, with high cell viability
(>95%). Because TLC analysis of their extracts revealed almost the
same constitutes in the n-hexane and EtOAc extracts, these ex-
tracts (0.9 g) were combined and were placed on silica gel column
(colomn A: 30G220 mm) and were eluted with gradient mixtures
of n-hexane/EtOAc (0:1–1:0) and EtOAc/MeOH (1:0–0:1) to give 8
fractions (fractions 1A–1H). In the GLI1 inhibitory assay of each
fraction, frs. 1C (75 mg), 1D (73 mg) and 1E (18 mg) showed GLI1
inhibitory activity at 1 mgmL�1, and the reporter luciferase activites
were 26%, 17% and 36%, respectively, with >80% viability, and
frs. extracts 1F (107 mg), 1G (219 mg) and 1H (64 mg) showed ac-
tivity at 10 mgmL�1 that ranged from 40–55% of luciferase reporter
activity with >85% viability. Fraction 1D of column A was subject-
ed to Sephadex LH-20 column chromatography (18G600 mm) with
a CHCl3/MeOH (1:4) mixture to give six fractions (frs. 2A–2F; frac-
tion 2F was undissolved in a CHCl3/MeOH (1:4) mixture when it
was applied onto LH-20 column). Fraction 1C was also separated
with the same column as fraction 1D to give five fractions (frs. 3A–
3E). The GLI1-mediated transcriptional inhibitory activity was mea-
sured on each fraction, and fractions 2D, 2F, 3D were more than
active at 1 mgmL�1. Fraction 2F was one spot in the TLC analysis,
and was further purified with ODS HPLC (Develosil ODS-HG-5;
eluent, 50% MeOH; flow rate, 2.0 mLmin�1) to afford physalin F
(17, 5.1 mg). Fraction 3D was also purified on the same ODS HPLC
condition to give physalin B (18, 4.9 mg) and isophysalin B (19,
0.4 mg). Isolated physalins F and B (17 and 18) were examined for
the GLI1-mediated transcriptional activity and cell viability at vari-
ous concentrations (0.05–0.75 mgmL�1) to give IC50 values.


Luciferase assay : HaCaT-GLI1-Luc cells were cultured in a 24-well
plate at 2G105 cells in 37 8C, under 5% CO2 atomosphere. After in-
cubation for 12 h, 1 mgmL�1 of tetracycline was added into each
well to induce exogenous GLI1 protein expression. After induction
of GLI1 protein for 12 h, the cells were washed with PBS twice, and
then each concentration of samples or compounds were added.
After incubation at 37 8C for 12 h, the luciferase activity was mea-
sured in a microplate luminometer (Thermo, Luminoskan Ascent,
Vantaa, Finland) by using a Bright-GloTM Luciferase Assay System
(Promega) according to the manufacture’s protocol. At the same
time, the cyctotoxicity of the samples was measured. Briefly, the
same cells (HaCaT-GLI1-Luc) were seeded at 1G104 cells/96-well
plate at 37 8C, 5% CO2 for 24 h. Samples at different concentrations


were added at the same time as the luciferase assay, the cells were
treated with the samples at 37 8C for 12 h. Cell viability was deter-
mined by fluorometric microculture cytotoxicity assay (FMCA) by
using a fluoroskan ascent (Thermo).


Dual luciferase assay : 90% Confluent HaCaT cells that expressed
GLI2 under tetracycline control were plated on to 24-well plates.
On the next day, the cells in each well were transfected with the
pGL4-GLI BS-luc reporter construct (1.0 mg) and renilla luciferase
(pRL-CMV; 0.2 mg) as a transfection control by using Lipofectamine
2000 (2 mL; Invitrogen) and incubated at 37 8C. After 12 h of trans-
fection, tetracycline (1 mgmL�1) was added into each well to cause
the induction of GLI2 protein, and then the cells were incubated at
37 8C for 12 h. The transfectant were treated with compounds 1, 9,
17 and 18 at 37 8C for 12 h, and then normalized luciferase activity
was determined with the Dual-GloQ Luciferase Assay system
(Promega) by using a Microplate luminometer (Thermo) according
to the manufacture’s protocol. The experiments and individual
measurements performed at least 3 times. The experiment of bcl2
promoter activity by using pGL3-bcl2 reporter plasmid was done
by using the same method as mentioned above. Briefly, 90% con-
fluent PANC1 cells were seeded on 24-well plates. After 24 h,
pGL3-bcL2 reporter plasmid (1.0 mg) and pRL-CMV (0.1 mg) were
transfected with Lipofectamine 2000 (2 mL) in each well. Com-
pounds were then added 6 h after transfection. After 24 h of treat-
ment with the compounds, the dual-luciferase assay was per-
formed.


Cytotoxic assay against PANC1 and C3H10T1/2 cells : PANC1 and
C3H10T1/2 cells, respectively, were seeded onto 96-well microtiter
plates at 1G104 cells per well, and were preincubated for 24 h at
37 8C. The medium was replaced with fresh medium that contained
different concentrations of each compound. The cells were then in-
cubated at 37 8C for 24 h. After the medium was removed, cell pro-
liferation was determined by fluorometric microculture cytotoxicity
assay (FMCA) by using a fluorescence platereader. The ratio of the
living cells was determined as the fluorescence in the sample wells
was expressed as a percentage of that in the control wells, and
ACHTUNGTRENNUNGcytotoxic activity was indicated as an IC50 value.


Western blotting analysis : Tetracycline (1 mgmL�1) was added to
HaCaT cells (2G106 cells) to express exogenous GLI1 or GLI2, while
tetracycline was not added as negative control. After 12 h treat-
ment with tetracycline, the medium was removed and different
concentrations of compounds (1, 9, 17, and 18) were added. After
incubation for 24 h at 37 8C, cells were harvested, washed with ice-
cold PBS, homogenized in lysis buffer (20 mm Tris–HCl, pH 7.4,
150 mm NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate,
10 mm EDTA, 1 mm sodium orthovanadate, and 0.1 mm NaF) that
contained 1% proteasome inhibitor cocktail (Nacalai Tesgue, Kyoto,
Japan), and incubated on ice for 30 min. The cell lysate were cen-
trifuged for 30 min at 4 8C, and the supernatants were resolved by
electrophoresis on a 7.5 and 12.5% polyacrylamide gel and trans-
ferred to a polyvinylidine difluoride (PVDF) membrane (Bio-Rad).
After blocking with TBST (10 mm Tris–HCl, pH 7.4, 100 mm NaCl,
and 0.1% Tween 20) that contained 5% skimmed milk for 1 h at
room temperature, the blots were hybridized at room temperature
for 1 h with primary antibodies. b-Acitin was used as an internal
control. After washing with TBST, the blots were incubated at room
temperature for 1 h with secondary antibodies that were conjugat-
ed with horseradish peroxidase. After washing, the immunocom-
plexes were visualized by using an ECL Advance Western detection
system (GE health Care/Amersham Biosciences) and Immobilon
Western (Millopore, Billerica, MA, USA). PTCH expression in PANC1
was also determined by the same method. The analysis was per-
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formed by using antibodies to GLI1 (1:200), PTCH (1:200) (Santa
Cruz Biotechnology, CA, USA), and BCl2 (1:4000) (Sigma) as primary
antibodies, and anti-goat IgG (Sigma), anti-rabbit IgG and anti-
mouse IgG (Amersham Biosciences) as secondary antibodies.


RNA isolation and semiquantitive reverse transcriptase-poly-
merase chain reaction (RT-PCR) analysis : Total RNA from cells
that were treated with compounds 1, 9, 17 and 18 was isolated by
using RNeasy Mini kit (Qiagen) according to the manufacture’s pro-
tocol, and mRNA from the extracted total RNA was isolated by
using an Oligotex-dT30 mRNA Purification Kit (TaKaRa Bio, Siga,
Japan). cDNA was constructed from the mRNA by using a Prime-
ACHTUNGTRENNUNGSTAR RT-PCR Kit (TaKaRa) according to the manufacture’s instru-
ments. Sequences for the relevant primers were as follows: Gli1, 5’-
GCCGTGTAAAGCTCCAGTGAACACA-3’ and 5’-TCCCACTTTGAGACHTUNGTRENNUNGAGG-
ACHTUNGTRENNUNGCCCACHTUNGTRENNUNGATAGCAAG-3’ (200 bp product) ; Gli2, 5’-TGGCCGCTTCAG ACHTUNGTRENNUNGATG-
ACHTUNGTRENNUNGACAGATGTTG-3’ and 5’-CGTTAGCCGAATGTCAGCCGTGAAG-3’
(200 bp product) ; Ptch, 5’-TCCTCGTGTGCGCTGTCTTCCTTC-3’ and
5’-CGTCAGAAAGGCCAAAGCAACGTGA-3’ (200 bp product), and
human GAPDH; 5’-ATGGGGAAGGTGAAGGTCG-3’ and 5’-TAAACHTUNGTRENNUNGAAG-
ACHTUNGTRENNUNGCAGACHTUNGTRENNUNGCCCTGGTGACC-3’ (70 bp product) as a internal control gene.
The reaction was run for 25 to 35 cycles of 94 8C for 1 min (denatu-
ration), 58 8C for 30 s (annealing), and 72 8C for 30 s (extension) by
using TaKaRa Ex Taq Polymerase. Amplification products was sub-
jected to electrophoresis on 3% agarose-TBE gel, stained with
ethidium bromide, visualized under UV light and compared with
Gapdh.
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Introduction


The molluscan shell is composed of an outer uncalcified peri-
ostracum and inner calcified layers. The extrapallial fluid (EF)
fills in the space between the calcified layer and the mantle.
Some macromolecules that are involved in shell formation are
secreted by the outer mantle epithelium. In terms of mantle–
shell interactions, the zone between the mantle and the shell
is obviously of great importance. A thin organic film named
the innermost shell lamella (ISL) in some studies[1,2] tightly ad-
heres to the inner surface of the shell.[3, 4] This has been ob-
served in Arcoid bivalves outside the pallial line[5] and in Merce-
naria mercenaria and Rangia cuneata within the pallial line.[1,6]


Generally, the film adheres to the calcified layer of the shell so
firmly that it cannot be removed unless treated with ethylene-
diaminetetraacetic acid (EDTA). A previous study showed that
the film may play an intermediary role in shell formation or dis-
solution.[1] In the pearl oyster Pinctada fucata, an organic sheet
was observed in pearl sac-nacre preparation.[7] However, no
further characterization was been performed.
Among the previous studies on the mechanism of shell for-


mation, many works focused on the calcified layers of the
shell, that is, the outer prismatic layer and the inner nacreous
layer (nacre). The former consists of the calcitic polymorph of
CaCO3, whereas the latter is formed from aragonite tablets or
lamella. The nacre is identical to the pearl in nature and it has
attracted much attention in material science because of its un-
usual properties.[8–10] Among the factors involved in molluscan
biomineralization, a small quantity of proteins occluded in the
calcified layers is thought to play a critical role in shell forma-
tion. Heretofore, several nacreous proteins have been isolated
from the pearl oyster nacre, and their functions involved in
biomineralization have been investigated.[11–15] One of their dis-
tinct functions is that the nacreous proteins can inhibit the
growth of calcite, and perhaps in such a way may facilitate


the growth of the less thermodynamically stable aragonite
phase.[16]


In the present study, we found that a thin organic film
indeed forms the inner surface of the shell in Pinctada fucata.
Furthermore, in a few cases, a two-layer structure of the film
was definitely observed in the extrapallial zone of the shell.
The analysis of the amino acid composition indicated that the
film proteins may consist of shell framework proteins. The in vi-
tro CaCO3 crystallization and precipitation experiments showed
that the film proteins not only could inhibit the growth of cal-
cite, but also could promote the precipitation of CaCO3.


Results


SEM observation of the film


To detect the film in the pearl oyster, the shell section samples
were observed with SEM. Comparison of the samples pro-
cessed with and without EDTA revealed a film that forms the
inner surface of the shell (Figure 1). As shown in Figure 1, the
film exhibits a different appearance in different zones of the
shell. In most cases, the film of the central and extrapallial
zone has a similar appearance, where a distinct polygonal


In mollusks, the inner shell film is located in the shell-mantle
zone and it is important in shell formation. In this study, we
found that the film was composed of two individual films under
certain states and some columnar structures were observed be-
tween the two individual films. The inner shell film was separated
with the process of ethylenediaminetetraacetic acid (EDTA) treat-
ment and the film proteins were extracted. Amino acid analysis
showed that the film proteins may consist of shell framework


proteins. The calcite crystallization experiment showed that the
film proteins could inhibit the growth of calcite, while the CaCO3


precipitation experiment showed that the film proteins could ac-
celerate the rate of CaCO3 precipitation. All these results suggest-
ed that the film plays an important role in shell formation. It
may facilitate the aragonite formation by inhibiting the growth
of calcite and accelerate the shell growth by promoting the pre-
cipitation of CaCO3 crystals.
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shape can be seen (Figure 1A and C). This suggested that the
underlying substance is aragonite crystal. However, in a few
cases, the film in these two zones seems too thick to easily dis-
tinguish the shape of the underlying substance (Figure 1B and
D). In these cases, a vague polygonal shape of the underlying
aragonite tablets can be seen in the central zone (Figure 1B,
indicated by arrows), whereas a vague round-like shape can be
observed in the extrapallial zone (Figure 1D). When the film
was reversed with forceps, some distinct aragonitic tablets
were observed. From the sample of the partially-reversed film
(Figure 2), we can see that the aragonitic tablets not only form
the surface of the nacre (Figure 2, left) but also adhere to the
shell-facing surface of the film (Figure 2, right).
To observe the inside structure of the film, some split sam-


ples were tentatively prepared. The results showed that some
structures could be observed through the split gap. In most
cases, aragonite could be seen directly from the gap (data not
shown), whereas in a few cases, another film was found from
the gap (Figure 3A). The aragonite could be observed from
the gap of the underlying film (Figure 3B). In some samples,
the mantle-facing film curled back and some columnar struc-
tures sandwiched between the two films were revealed
(Figure 4). When the samples were treated with 0.5m EDTA for
one hour, the columnar structures were dissolved (Figure 4C
and D). In addition, the chemical composition analysis by EDS


showed that the columnar structures were composed of
carbon, oxygen, and calcium (Figure 4E).


Amino acid compositions of the film proteins


After being treated with EDTA, the film was separated from
the shell (Figure 5), and the film proteins were extracted. The


Figure 1. SEM images of inner shell film (in situ). The samples were treated without the use of EDTA. A and B) The appearance of the film of the central zone.
Some distinct and vague shapes (indicated by arrows) of aragonite are shown. C and D) The appearance of the film of the extrapallial zone. Some distinct
shapes of aragonite are shown in C, whereas some underlying round-like shapes are shown in D. The bars are 5 mm in A, B, and C, and 2 mm in D.


Figure 2. SEM images of the nacre (left) and the shell-facing surface of the
film (right). The film was reversed with forceps. Bar, 2 mm.
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amino acid analysis showed that both the soluble and insolu-
ble proteins of the film are rich in Gly and Ala, and they are
similarly composed of sixteen kinds of amino acids (Table 1).


The total percentage of Gly and Ala in soluble and insoluble
proteins of the film is 55.92 mol% and 59.88 mol%, respective-
ly. No Cys was found in the film proteins.


Inhibition activity of the soluble proteins of the film on
ACHTUNGTRENNUNGcalcite growth


To investigate the effects of the soluble proteins of the film on
the growth of calcite, the crystals formed in vitro were exam-
ined by SEM. In the presence of the soluble film proteins, the
morphology of calcite was drastically changed in a concentra-
tion-dependent manner, whereas the crystals obtained in con-
trol experiments were the typical rhombohedra of calcite
(Figure 6). The film proteins could etch the edge of calcite at
low concentrations and round the calcite at higher concentra-
tion. In addition, the size of calcite crystals decreased appa-
rently in the presence of the soluble film proteins.


Soluble film proteins’ promotion of CaCO3 precipitation


A series of precipitation experiments with or without the solu-
ble film proteins were performed (Figure 7). The effect of the
soluble film proteins on the rate of precipitation of CaCO3 was
determined by recording the increase of absorbance at
570 nm in a saturated CaCO3 solution. The initial absorbance,
which depended on the CaCO3 concentration, was about
0.032, where CaCO3 was precipitated at room temperature in
less than 5 min. When the soluble film proteins were added to
the saturated CaCO3 solution, the absorbance of solution at
570 nm significantly increased in a concentration-dependent
manner compared with that of the control (shown in Figure 7).
Water or BSA could not affect the absorbance (data not
shown).


Discussion


The molluscan biomineralization system is composed of the
shell, EF, and mantle.[19] The organic film that is sandwiched
ACHTUNGTRENNUNGbetween the shell and the EF is located on the inner surface
of the shell.[1] Based on the location, the film is presumably
ACHTUNGTRENNUNGimportant in shell formation. However, this film has not been
obviously sufficiently researched.
In the present study, we investigated the morphology and


structure of the organic film. The results showed that the film
covers the inner surface of the pearl oyster shell. The film is
not homogeneous in different zones of the shell. Even in the
same zone, the film may have a different appearance. This sug-
gested that the film is a dynamic structure, which agrees with
the previous studies in which the film was shown to vary con-
siderably in thickness.[1,2] When the film was removed with the
use of EDTA, the typical polygonal aragonitic tablets were ob-
served (Figure 2). Thus, we can conclude that the film indeed
exists in the pearl oyster. From the partially-reversed film
sample, we can see that some aragonitic tablets were firmly
adhered to the film and they were reversed together with the
film (Figure 2, right). This is consistent with a previous study[1]


in which the film was firmly adhered to the calcified layer.


Figure 3. SEM images of the split films in the extrapallial zone. A) Split films.
The upper film (mantle-facing film) has a bigger gap and the lower film
(shell-facing film) has a slight gap. B) Enlargement of the box in A. Some
aragonitic tablets with polygonal edge were observed through the gap. The
bars in panels A and B are 20 mm and 2 mm.


Table 1. Amino acid analysis of the soluble and insoluble film proteins.


Amino acid Soluble film proteins Insoluble film proteins
ACHTUNGTRENNUNG[mol%] ACHTUNGTRENNUNG[mol%]


Asp 10.45 9.40
Glu 3.00 2.52
Gly 37.67 43.76
Ala 18.25 16.12
Thr 0.98 0.89
Ser 6.23 5.89
Val 2.28 1.93
Met 1.19 0.95
Ile 1.06 1.02
Leu 6.57 6.35
Tyr 1.97 1.78
Phe 2.34 1.92
Lys 2.12 1.83
Arg 4.12 3.90
His 0.19 0.19
Pro 1.58 1.55
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We noted that, in the extrapallial zone, the underlying sub-
stance of the film in a few cases (Figure 1D) is round-like in
shape and it is unlike those of the other samples (Figure 1C).
Therefore, we prepared the split samples of this zone to reveal
the possible difference of the underlying substance. Some
slight or bigger gaps were made on the surface of the film.
Generally, distinct aragonites could be seen through the split
gap of the film (data not shown). In a few cases, however,
when the film was split, another underlying film was observed
(Figure 3). It seems that, in these samples, the so-called film ac-
tually consists of two films, including a shell-facing film and a


mantle-facing film. As this special structure is not present in all
cases, it may be a dynamic structure that occurs under certain
states. In some samples, where the mantle-facing film has
cracked and curled back from the surface of the shell, the
inner surface of the mantle-facing film can be examined in
detail (Figure 4). Some columnar structures were observed
sandwiched between the two films. This also explains why the
underlying substance of the extrapallial zone in a few cases is
not polygonal (the shape of aragonite), but round-like in shape
(Figure 1D). As the columnar structures could be dissolved
with EDTA treatment, and in view of the mineralogy of the


Figure 4. SEM images of the columnar structures sandwiched between the two films. A and C) Shell sections treated with EDTA for 30 min and 60 min, respec-
tively, and the mantle-facing film curled back. B) Enlargement of the box in A to show the columnar structures (indicated by arrows). D) Enlargement of the
box in C to indicate that the columnar structures were dissolved. E) EDS analysis of the columnar structures in B. The bars are 20 mm in A, 5 mm in B, 50 mm in
C and 2 mm in D.
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shell and the results of EDS analysis, we inferred that the col-
umnar structures might be composed of calcium carbonate.
Further characterization is ongoing.
As for the amino acid analysis of the film, previous work[1]


has determined the quantity of the total amino acid in the
film. However, no study on the determination of the global


amino acid composition has been reported. In this present
study, we performed the global amino acid analysis of the
soluble and insoluble film proteins and found that the two
fractions are actually identical in nature because of the similar


Figure 6. SEM images of morphological modification in calcite crystals induced by the film proteins. A) Typical rhombohedra of calcite formation in the pres-
ence of filtrate (control). B, C and D are images showing the morphological modification of calcite crystals in the presence of the film proteins at the concen-
trations of 15, 25 and 40 mgmL�1, respectively. The insets in each image are enlargements of portions of A, B, C, and D. The bars are 50 mm in A, 20 mm in B
and D, and 10 mm in C.


Figure 5. Macrophotography images of the film detached from the shell.
Bar, 5 mm.


Figure 7. Promotion activity of the film proteins on CaCO3 precipitation.
Changes in the turbidity of the assayed solutions are shown. The vertical
axis : absorbance at 570 nm.
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amino acid composition. Among the biomacromolecules relat-
ed to shell biomineralization, the shell matrix proteins have
been extensively studied.[16,20,21] Two classes of proteins (solu-
ble acidic proteins[22–25] and insoluble framework proteins[18,26])
have been identified according to their solubility in aqueous
solution after demineralization.[19] They are considered to play
an important role in regulation of crystal growth.[27] The solu-
ble proteins are characterized by the predominance of acidic
glycoproteins, whereas the insoluble framework proteins
which are thought to provide a framework where the minerali-
zation occurs,[28] are rich in Gly and Ala residue content. There-
fore, based on the results of the amino acid analysis and the
location of the film, we inferred that the film proteins may con-
sist of the shell insoluble framework proteins or their precur-
sors, and during shell formation, the film proteins are integrat-
ed into the shell in a certain manner. In addition, it is a little
surprising that no Cys residue was detected in the film pro-
teins. As some Cys residues have been found in shell pro-
teins,[20] especially in the framework proteins of Pinctada
fucata,[29] we inferred that there must be some other frame-
work proteins that differ from the film proteins in the shell.
After partial biochemical characterization, we investigated


the functions of the film proteins in mineralization. The in vitro
crystallization experiment showed that the growth of calcite
can be inhibited by the film proteins, whereas the precipitation
experiment showed that the film proteins have drastic effects
on promoting the rate of CaCO3 precipitation. In addition, the
Raman spectra of the crystal precipitation shown in Figure 6C
and D showed that the crystals are all calcite (data not shown).
This suggested that the film proteins can only affect the mor-
phology of calcite. The functions of the shell framework pro-
teins (silk-like proteins[28]) in biomineralization have been de-
scribed in previous studies.[8] Besides participating in the con-
struction of the shell’s organic framework, they are considered
as an inhibitor of mineralization to prevent uncontrolled crys-
tallization during shell formation. The inhibition of calcite crys-
tal growth by the film proteins in this study is consistent with
previous work,[8] whereas the promotion activity of these pro-
teins was demonstrated for the first time. In conclusion, we de-
duced that, by attaching to the inner surface of nacre, the or-
ganic film may be multifunctional in regulating shell formation.
In detail, the film proteins may facilitate the formation of ara-
gonitic nacre by inhibiting the growth of calcite and may ac-
celerate shell growth by promoting the precipitation of CaCO3
crystals.


Experimental Section


Materials and equipment : The water used in all experiments was
ultrapure water filtered through a Milli-Q column supplied by Milli-
pore (USA). Fresh shells of pearl oysters were obtained from Guofa
Pearl Farm (Beihai, Guangxi Province, China). Glutaraldehyde, gly-
ACHTUNGTRENNUNGcerol, ammonium sulfate, CaCO3, NaHCO3, and CaCl2 as well as re-
agents for SDS-PAGE and amino acid analysis were purchased from
Sigma. A BCA assay kit was purchased from Pierce (USA). EDTA,
fluid nitrogen, and slides were purchased from the Beijing Reagent
Corp. (China). A centrifugal filter unit was purchased from Millipore
(USA). The centrifuge tube was purchased from Nalgene (USA) and


the syringe filter (0.2 mm) was purchased from Whatman (England).
Dialysis tubes (MWCO=3500) were purchased from Membrane Fil-
tration Products Inc. (USA). Samples were freeze-dried by using a
Christ ALPHA1–2 freeze dryer (Germany). Centrifugation was per-
formed with a Hitachi CR21G II centrifuge (Japan). Gels were run
on a Mini-protean 3 apparatus from BioRad Laboratories. The
amino acid composition was analyzed on a Beckman System 6300
automated amino acid analyzer, which was equipped with a 25-cm
column and quantified by ninhydrin reaction. CaCO3 precipitation
experiments were performed with a SPECORD 200 spectrophotom-
eter (Analytik Jena, Germany). The scanning electron microscope
(SEM) images were obtained by using a SIRION 200 SEM (PEI)
equipped with an energy dispersive X-ray spectroscopy (EDS)
system.


Samples preparation for SEM observation : After being cleaned,
the shells were cut to proper sections in terms of different zones.
Each section was rinsed with EDTA (0.5m) and washed with water.
Then, the films of some sections were reversed with forceps to
ACHTUNGTRENNUNGobserve the surface of the nacre and the nacre-facing surface of
the film. Alternatively, the film was tentatively split with a needle
to observe the inside structure. The control samples were only
washed with water. After these treatments, all the sections were
immersed in glutaraldehyde (2.5%) for 1 h. Then, the sections were
washed with water and immersed in glycerol solution (30%) for
3 h. After that, the sections were frozen in fluid nitrogen and sub-
sequently freeze dried. The samples were coated with gold before
imaging. Some samples were characterized by EDS.


Isolation of the film proteins : The shells were cleaned as de-
scribed above. After being rinsed with EDTA (0.5m) for 30 min, the
film was separated from the shell. The detached film was rinsed
again with EDTA (0.5m) until it was decalcified completely. The de-
calcified film was washed extensively with water and collected by
centrifugation. After that, the film was ground in a mortar with
continuous addition of fluid nitrogen. The powder-like products
were dissolved in water and the soluble and insoluble fractions
were collected by centrifugation. The insoluble fraction was stored
at �20 8C, while the soluble fraction was subjected to ammonium
sulfate fractionation. The precipitate (by 90% saturation) was dis-
solved in water, and then it was extensively dialyzed against water
and concentrated by ultrafiltration (Millipore; cut-off, 5 kDa). The
soluble proteins of the film were detected with reduced and un-
ACHTUNGTRENNUNGreduced SDS-PAGE.


The protein yields were measured using a bicinchoninic acid (BCA)
assay kit (Pierce) with bovine serum albumin (BSA) standard. Briefly,
each standard or sample (10 mL) was added into microwell plate
wells. The working reagent (200 mL) was added to the wells and
mixed on a shaker. After incubation at 37 8C for 30 min, the plate
was cooled to room temperature and the absorbance was mea-
sured. The protein concentration of each sample was determined
using the standard curve.


Amino acid analysis of the film proteins : In preparation for
amino acid analysis, the soluble and insoluble fractions of the film
were hydrolyzed under vacuum in HCL (6 n) at 110 8C for 24 h.
Then, samples and amino acid standards were analyzed on the
amino acid analyzer. The amino acid compositions of the samples,
expressed as mole percentage, represent the average of three in-
dependent determinations, respectively.


Inhibition of calcite growth : The calcitic crystallization solution
was prepared according to a previous study[17] by purging a stirred
aqueous suspension of CaCO3 with CO2 for 4 h. Then, excess solid
CaCO3 was removed by filtering (0.2 mm) and subsequently, the fil-
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trate was purged with CO2 for another hour. Crystallization experi-
ments were carried out by adding samples to the freshly prepared
crystallization solution on a slide at 20 8C. After 24 h, the crystalliza-
tion solution was removed and the crystals were characterized.


Promotion of CaCO3 precipitation : According to the method de-
scribed previously,[18] the effect of the soluble film proteins on
CaCO3 precipitation from its supersaturated solution was exam-
ined. In brief, sample solution (10 mL) was mixed with NaHCO3
(100 mL, 40 mm, pH 8.7). After the addition of CaCl2 (100 mL,
20 mm) to the mixed solution, the formation of CaCO3 precipitates
was monitored by recording the turbidity. Changes in the turbidity
of the solutions were measured every minute for 5 min by the
ACHTUNGTRENNUNGabsorbance at 570 nm using a spectrophotometer.
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Globotriose-Functionalized Gold Nanoparticles as
Multivalent Probes for Shiga-like Toxin
Yuh-Yih Chien,[a, b] Mi-Dan Jan,[c] Avijit Kumar Adak,[c] Hsiao-Chien Tzeng,[d] Yen-Ping Lin,[d]


Yu-Ju Chen,[a] Ken-Tseng Wang,[b] Chien-Tien Chen,[d] Chia-Chun Chen,*[d] and
Chun-Cheng Lin*[a, c]


Introduction


With the aid of synthetic multivalent ligands, the concept of
multivalency in carbohydrate–protein interactions at interfaces
is now well established.[1] Although the interaction between
single carbohydrate and protein molecules is weak (Ka=103–
104m


�1), nature overcomes this problem by the multivalent
presentation of receptors and ligands to achieve high-affinity
binding with high specificity.[2] As a consequence of such mul-
tivalent binding sites, multiple distinct ligands often simultane-
ously bind with high affinity to receptors, and thus such li-
gands might serve as antagonists/agonists for multiple recep-
tors.[3] A variety of diverse scaffolds have been formulated for
multivalent ligand presentation,[4] including dendrimers,[5] poly-
mers,[6] liposomes,[7] and globular proteins,[8] or engineered
ACHTUNGTRENNUNGmolecular scaffolds.[9] The power of chemical synthesis makes
synthetic multivalent ligands available as valuable probes for
studying receptor function.[10]


The shiga and shiga-like toxins (Slts) are a family of classic
AB5-type bacterial toxins that contain a single enzymatically
active A-subunit, and five copies of a B-subunit. The radially
symmetric B-subunit pentamer (B-Slt) that is produced by Es-
cherichia coli O157:H7 specifically recognizes globotriaosylcer-
ACHTUNGTRENNUNGamide (Gb3).


[11] The Gb3 glycolipid is known as the globotriose
(Pk) blood group antigen or CD77,[12,13] which contains the tri-
saccharide aGal ACHTUNGTRENNUNG(1!4)bGal ACHTUNGTRENNUNG(1!4)bGlc.[14] Slts cause gastrointes-
tinal diseases after entering mammalian cells through multiva-
lent binding of the B-subunit to the saccharide portion of gly-
colipids on the cell surface. The X-ray crystal structure of B-
Slt[15] has shown that there are 15 binding sites on this protein
complex that engage the cell surface Pk antigens over a 6-nm
diameter area. Recently, two high-affinity multivalent inhibitors
for bacterial toxins were designed and synthesized, and these


inhibitors use different binding mechanisms.[16,17] In a pioneer-
ing contribution, Bundle et al. designed a promising inhibitor
for shiga-like toxin I (Slt-I) by conjugating the Pk trisaccharide
ligand on a starfish-like multivalent ligand carrier, and showed
a million-fold increase in activity that resulted from the effec-
tive binding of five of 15 binding sites of B-Slt and the forma-
tion of a hamburger-like complex.[17] Toone et al. developed bi-
valent C-linked Pk-trisaccharide-based glycopeptides as affinity
ligands for B-Slt in microcalorimetry studies.[18] Inhibition of B-
Slt binding to cells has been demonstrated to protect mice
from infection by E. coli O157:H7.[19] Thus, it could be of great
benefit to develop both a B-Slt antagonist to protect against
E. coli infection, and a sensitive, accurate and rapid assay to
detect the toxin.[20–22]


In recent decades, gold nanoparticles (AuNPs) that are func-
tionalized with biomolecules have been developed and widely


Compared to monovalent carbohydrates, multivalent carbohy-
drate ligands exhibit significantly enhanced binding affinities to
their interacting proteins. Here, we report globotriose (Pk ligand)-
functionalized gold nanoparticle (AuNP) probes for the investiga-
tion of multivalent interactions with the B5 subunit of Shiga-like
toxin I (B-Slt). Six Pk-ligand-encapsulated AuNPs (Pk-AuNPs) of
varying particle size and linker length were synthesized and eval-
uated for their potential as multivalent affinity probes by using a
surface plasmon resonance competition assay. The affinity of
these probes for the interacting proteins was greatly affected by


nanoparticle size, linker length, and ligand density on nanoparti-
cle surface. For example, the 20-nm 20-Pk-l-AuNP, which had a
relatively long linker showed a >108-fold increase in affinity
compared with the mono Pk ligand. This intrinsic high-affinity
AuNP probe specifically captured the recombinant B-Slt from
Escherichia coli lysate, and the resulting purity of the B-Slt was
>95%. We also developed a robust Pk-AuNP-based detection
method for Slt-I by combining the technique with silver
enhancement.
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used as model systems for biological interaction studies and
biolabels.[23] Self-assembled monolayers of thiolated glycocon-
jugates on gold surfaces are of particular interest.[24,25] In early
studies, PenadHs et al. initiated the use of AuNPs as multivalent
ligand carriers and synthesized trisaccharide Lex AuNPs for
studies of carbohydrate–carbohydrate interactions.[26] The thio-
lated glycoconjugates are relatively easy to assemble on the
gold surface through a Au�S covalent bond, and the size of
the AuNP can be specified by varying the reaction conditions.
These gold glyconanoparticles have been used successfully as
carriers to present carbohydrate ligands for studying carbohy-
drate–protein and carbohydrate–carbohydrate interactions.[27–32]


Previously, we demonstrated the labeling of a specific pro-
tein on the bacterial cell surface by using mannose-conjugated
AuNPs (m-AuNP).[33] m-AuNPs were used to visualize the posi-
tion of individual FimH proteins on the type 1 pilus of E. coli by
using electron microscopy. Moreover, this concept has been
extended to the quantitative analysis of multivalent inter-
ACHTUNGTRENNUNGactions between a tetrameric plant lectin, concanavalin A
(Con A), and several different carbohydrate-AuNPs.[34] These ex-
periments demonstrated that the binding of Con A to m-AuNP
is enhanced dramatically (by ~100-fold) compared with bind-
ing to free mannose. Also, we have explored the identification
of a target protein from a protein mixture by using galactose
and Pk-coated AuNPs in combination with MALDI-TOF MS.[35]


By using this nanoprobe-based mass spectrometry approach,
the target lectin PA-IL was identified at femtomole concentra-
tions, and its discontinuous binding epitopes were revealed
ACHTUNGTRENNUNGsimultaneously.
Although the development of multivalent carbohydrate li-


gands for Slt-I through inhibitory or antagonistic modes has
ACHTUNGTRENNUNGattracted significant attention from investigators, only a few
such ligands have been designed that interact with all of the
B-subunit binding sites simultaneously.[16,17] Therefore, a more
thorough understanding of multivalent complex formation is
desirable to further advance strategies for design of multiva-
lent ligands. Herein, we used Pk-conjugated AuNPs (Pk-AuNP)
as probes to study multivalent interactions with B-Slt. A surface
plasmon resonance (SPR) competition binding assay[36,37] was
ACHTUNGTRENNUNGapplied to investigate the binding affinity of Pk-AuNPs for B-Slt.
Our results have allowed us to develop: 1) a water-soluble 20-
Pk-l-AuNP antagonist for B-Slt that shows >108-fold binding af-
finity enhancement over the monovalent Pk trisaccharide
ligand, 2) Pk-AuNPs affinity probes to extract B-Slt from bacteri-
al cell lysate with high purity (>95%) while maintaining its
ACHTUNGTRENNUNGactivity, and 3) a Pk-AuNP-based detection assay for Slt-I.


Results and Discussion


Synthesis of Pk antigen


Compounds 1 and 2[35] are Pk antigens that contain a linker of
two different lengths, and 1 and 2 were synthesized as we pre-
viously described,[38] with modifications, as shown in Scheme 1.
Previously, we used lactoside 4 and galactosyl phosphite
donor 5 to construct the Pk trisaccharide derivative 6. However,
undesirable glycosidic bond cleavage occurred during the oxi-


dation of the terminal double bond in 3 to generate a carboxyl
group in 4. Thus, in this study, the carboxyl group was intro-
duced at the early stage of the synthesis of 6. Ruthenium-tri-
chloride-catalyzed oxidation of the olefin moiety in 7 was fol-
lowed by esterification to give 8,[39] which was transformed to
9 by following our previous procedure.[38] To link the Pk trisac-
charide onto AuNP, a thiol functionality was needed in com-
pound 9. Compound 1 was obtained by coupling 9 with ethyl-
ene glycol linker 10, and then by treating the resulting product
with thioacetic acid, followed by global deacetylation. Com-
pound 2 was obtained according to our previous report.[35]


Fabrication of Pk-conjugated AuNPs


To synthesize various sizes (4, 13, and 20 nm) of Pk-AuNPs,
NaBH4, and sodium citrate were chosen as the reducing re-
agents. The size of the resulting AuNPs depended on the re-
ACHTUNGTRENNUNGactivity of reducing agent and its concentration in an aqueous
solution of tetrachloroauric acid (HAuCl4). The 4-nm Pk-conju-
gated AuNP (4-s-Pk-AuNP) was prepared by a modified Brust’s
procedure[40] by using HAuCl4, NaBH4, and the Pk-2 dimer. To
synthesize larger Pk-AuNPs, the AuNPs were first prepared by
using 148 mm HAuCl4 and 34 mm sodium citrate solution to
give 13-nm AuNPs; the use of a higher concentration of
HAuCl4 (296 mm) gave 20-nm AuNPs.[41] The surface sodium cit-
rate of 13 and 20 nm AuNPs was then exchanged with Pk


ligand 2 in the presence of NaBH4 to afford 13-s-Pk-AuNP and
20-s-Pk-AuNP, respectively. Similarly, compound 1, which had
the longer linker, was assembled on AuNPs of different sizes to
give 4-l-, 13-l-, and 20-l-Pk-AuNPs. Transmission electron micro-
scopy (TEM) images showed that the Pk-AuNPs were spherical
with average diameters of 4.0�1.0 nm (4-s-Pk-AuNPs),
13.3�2.1 nm (13-s-Pk-AuNPs) and 20.6�4.1 nm (20-s-Pk-
AuNPs; Figure 1). The UV-visible spectra of the AuNPs before
and after coupling with Pk clearly showed characteristic plas-
mon absorption bands at 517, 525 and 528 nm (see Figure S1
in the Supporting Information) for 4-, 13-, and 20-nm AuNPs,
respectively. The lack of a red-shift of the band after modifica-
tion also ACHTUNGTRENNUNGindicated that no aggregation occurred in aqueous
media. These Pk-AuNPs were stable at 4 8C for at least 6
months. This strategy allowed us to modify the surface carbo-
hydrate ligand density by ligand-exchange processes.[42]


Although gas chromatography (GC)[43] and elemental analy-
sis (EA)[26, 28] are suitable methods for determining the amount
of conjugated carbohydrate on AuNPs, the sample amount
that is required is about ten-fold higher than that needed for
the equivalent analysis by a chemical colorimetric method.[44]


With the latter method, in general, carbohydrates are reacted
with phenol in the presence of sulfuric acid to give heterocy-
clic compounds, which are then quantified by UV spectrosco-
py. However, the analysis of carbohydrate derivatives by this
method experienced interference by the surface plasmon band
of Au from 510 to 530 nm. Thus, the anthrone method[45] (ab-
sorption at 620–630 nm) was applied to quantify the carbohy-
drate content on each AuNP. By using this assay, the amount
of Pk ligand on each AuNP was estimated, as shown in Table 1
(see also the Supporting Information). Clearly, greater amounts
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of Pk were assembled on AuNPs of larger size due to the larger
surface area. Further, greater amounts of Pk that have the long
linker were attached to AuNPs compared with the short linker,
presumably a consequence of increased net space for carbo-
ACHTUNGTRENNUNGhydrate ligands; this might be the result of decreased steric
hindrance when the long linker was used. The effect is more
significant when the linker length was similar to that of the
AuNP diameter.


Multivalent interactions of Pk-AuNPs with B-Slt


A surface plasmon resonance (SPR) competition binding
assay[36,37] was used to investigate the binding affinity of the Pk


ligand and various Pk-AuNPs with B-Slt.[46] Initially, thiobutanol
was used as the surface matrix to fabricate a Pk-coated chip for
SPR, but the Pk-AuNP aggregated on the chip surface. Howev-
er, a recent report showed that the use of a short-chain methyl
ethylene glycol on the AuNP surface prevented AuNP aggrega-
tion[47] and suppressed nonspecific interactions.[48] Thus, 3-[2-


(2-methoxy-ethoxy)ethoxy]propane-1-thiol (MEG)[48] was used
as the matrix on the chip to prevent the nonspecific interac-
tion with Pk-AuNP.
We found that a reliable chip for the competition binding


assay could be generated by forming a self-assembled mono-
layer by using a mixture that contained 40% thiolated Pk


ligand and 60% of MEG as a matrix on a J1 biosensor chip.
The affinity of B-Slt for the Pk-functionalized chip was deter-


mined by titration with a series of B-Slt concentrations to gen-
erate multiple SPR response curves by using the rectangular
hyperbolic Equation 1:[49]


Rmax=Re ¼ 1=f ½Kað1=½C�Þ� þ 1 ð1Þ


where Rmax is the biosensor maximum response, Re is the cor-
rected biosensor response at equilibrium, f is the multi ACHTUNGTRENNUNGvalency
co-relation term, C is the concentration of B-Slt, and Ka is the
association constant of B-Slt with Pk. The Ka of B-Slt for this


Scheme 1. Synthesis of Pk antigen. Conditions: A) RuCl3/NaIO4, CH2Cl2/MeCN/H2O (2:2:3) ; B) CH3I, Cs2CO3, DMF; C) 10, EDC, HOBt, CH2Cl2; D) AcSH, AIBN,
MeOH; E) NaOMe, MeOH; F) 11, EDC, HOBt, CH2Cl2.
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chip was determined to be 1.16N108m
�1, which is similar to a


reported value.[12]


In competition binding assays, 31 nm B-Slt was incubated
with different concentrations of Pk ligand, Pk dimer, and Pk-
AuNPs, for equilibration (1 h), then the mixture was injected
into the Pk-coated Biacore chip, and binding data were collect-
ed. Figure 2 presents a typical set of SPR response curves for
B-Slt competition binding with different concentrations of
4-s-Pk-AuNP.


Figure 1. TEM images and size-distributions of Pk-AuNPs. Shown from left to right are: 4-Pk-s-AuNPs, 13-Pk-s-AuNPs, and 20-Pk-s-AuNPs.


Figure 2. Inhibition of 31 nm B-Slt binding to the chip by 4-Pk-l-AuNP. A set
of inhibition curves for 0, 1.2, 2.4, 4.8 and 9.6 nm 4-Pk-l-AuNP (top to bot-
ACHTUNGTRENNUNGtom) is shown.


Table 1. Number of Pk antigens per individual AuNP[a] .


R Size No. of sugars Abbreviation
per nanoparticle


R1 4 nm 60 4-Pk-s-AuNP
R1 13 nm 826 13-Pk-s-AuNP
R1 20 nm 1498 20-Pk-s-AuNP
R2 4 nm 113 4-Pk-l-AuNP
R2 13 nm 1298 13-Pk-l-AuNP
R2 20 nm 1970 20-Pk-l-AuNP


[a] Number of Pk antigens per individual AuNP. Specifically, Pk trisacchar-
ide with a short linker attached to NPs of 4-nm, 13-nm and 20-nm diame-
ter are abbreviated as 4-Pk-s-AuNP, 13-Pk-s-AuNP, and 20-Pk-s-AuNP, re-
spectively. Pk trisaccharide with a long linker attached to NPs of 4-nm,
13-nm and 20-nm diameters are abbreviated as 4-Pk-l-AuNP, 13-Pk-l-AuNP,
and 20-Pk-l-AuNP, respectively. The amount of carbohydrate ligand on
each individual AuNP was estimated by an anthrone test.
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The inhibition constants (Kis) of P
k ligands were obtained by


using the equations that are derived by Attie et al. [Eq. (2)] ,[50]


and the Ki of the P
k monomer was 1.14N10�4m :


f ¼ ½I�=f½I� þ K i ð1þ F=KdÞg ð2Þ


where f is the fractional inhibition of the binding molecule, Kd
is the dissociation constant of B-Slt from Pk, [I] is the antagonist
concentration, Ki is the affinity of the antagonist for the B-Slt,
and F is concentration of the free binding sites that are avail-
able on B-Slt. A typical Ki plot is shown in Figure 3, which was


obtained by plotting 1/f vs 1/[I] . To compare the inhibition po-
tency of the individual Pk ligand on the same AuNP with free
Pk ligand, the relative inhibition avidity (RIA=Ki(inhibitor)/Ki(P


k


monomer)) and relative inhibition potency (RIP=RIA/No. of Pk


on AuNP) were calculated as summarized in Table 2. The more
ligands that were assembled on the AuNP, the higher the affin-
ity was. The 20-l-Pk-AuNP showed highest RIA and RIP. In com-
parison with free Pk, the RIA and RIP of 20-l-Pk-AuNP was 4.5N
108 and 2.2N105 times greater, respectively. These inhibition re-
sults by SPR indicated that 20-l-Pk-AuNP served as an ACHTUNGTRENNUNGeffective
probe for B-Slt ; it displayed superior antagonistic ACHTUNGTRENNUNGactivity to


other Pk-AuNPs, and even to a decavalent starfish
inhibitor.[46]


The X-ray crystal structure of B-Slt showed[15] that it is com-
posed of five monomers, each of which contains three Pk-bind-
ing sites (Figure S2). Site 3 is nearly perpendicular to the com-
plex and thus contributes less to Pk binding[17,51] compared to
sites 1 and 2. The distance between sites 1 and 2 is approxi-
mately 14 O, whereas the distance between two sites 1 and
two sites 2 are 27 and 29 O, respectively. The maximum dis-
tance between two Pk ligands of the Pk dimer 2 was estimated
as 26 O (calculated based on a C�C single bond of 1.54 O),
which is too long to bind sites 1 and 2 on the same monomer,
or on different monomers of B-Slt, and is too short to bind
two sites 1 or 2 between two monomers, presenting 3.1 in RIA
and 1.54 in RIP. However, by increasing the linker to 55 O (cal-
culated based on a C�O single bond of 1.44 O) by using a flexi-
ble ethylene glycol chain, the Pk dimer 1 showed an enhanced
RIA and RIP of 17.8 and 8.9, respectively (Figure S3). These
data suggest that the long linker in the divalent inhibitor con-
tributes substantially to binding to B-Slt.
We further investigated the effect of linker length on the RIA


and RIP of Pk-AuNPs that bind to B-Slt. We compared the bind-
ing affinity of AuNPs (constant size) that have different length
linkers; longer linkers resulted in ~5 to ~75-fold affinity en-
hancement. This might be due to the greater flexibility of the
long linker, which makes it easier for the Pk ligand to bind the
maximal number of sites of the B-Slt pentamer. In addition to
linker length, ligand density and particle size also significantly
influenced the RIA and RIP. We found that the binding affinity
of B-Slt with the Pk-modified chip was dependent on the densi-
ty of Pk on the chip surface. For example, the Kas of B-Slt for
the chips that were generated by using 25% or 100% density
of Pk ligand was 9.37N107m


�1 or 2.57N109m
�1, respectively.


Clearly, the Kas increased correspondingly with increased Pk


ligand density on the surface. This phenomenon might be at-
tributable to the high density of binding sites that are avail-
able per B-Slt pentamer (1.21 binding sites per nm2). In agree-
ment with the above observation, when the Pk density on
AuNPs increased, its affinity for the B-Slt pentamer also in-
creased. The increase in RIA for 4-l-Pk-AuNP to 4-s-Pk-AuNP was
~75-fold, whereas that for 20-l-Pk-AuNP to 20-s-Pk-AuNP was
only about fivefold. The relatively lower increase in RIA for the


Figure 3. Double-reciprocal plot of 4-Pk-AuNP inhibiting 31 nm B-Slt binding
to the chip. [I]: concentration of inhibitor ; [f]: inhibition fraction.


Table 2. The inhibition constant (Ki), relative inhibition avidity (RIA), and relative inhibition potency (RIP) of Pk-AuNPs for B-Slt. Other abbreviation are as
ACHTUNGTRENNUNGdefined for Table 1.


Compound Ki [m] IC50 RIA[a] RIP[b]


Pk 1.14N10�4 5.11N10�4 1.00 1.00
Pk-s-dimer 3.68N10�5 1.65N10�4 3.10 1.54
Pk-l-dimer 6.38N10�6 2.86N10�5 17.87 8.93
4-Pk-s-AuNP 1.46N10�9 6.54N0�9 78082.19 1301.36
13-Pk-s-AuNP 8.64N10�11 3.87N10�10 1319444.44 1597.39
20-Pk-s-AuNP 1.18N10�12 5.29N10�12 96610169.49 64492.77
4-Pk-l-AuNP 1.95 N10�11 8.74N10�11 5846153.85 51735.87
13-Pk-l-AuNP 6.84N10�13 3.06N0�12 166666666.67 128402.67
20-Pk-l-AuNP 2.54N10�13 1.14N10�12 448818897.64 227826.85


[a] RIA: Relative inhibition avidity=Ki[inhibitor]/Ki[Pk] . [b] RIP: Relative inhibition potency=Ki[inhibitor]/Ki[Pk] NNo. of P
k on AuNP.
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larger AuNP might be due to the binding sites (1 and 2) of B-
Slt being located on a similar plane and with little curvature of
this AuNP. When the AuNP surface became flatter, the ligands
on the AuNP surface could interact with the binding sites
more easily, as shown in Figure 4. When the AuNP size was
small, the curvature of the ligand surface was significantly af-
fected by the linker length. Thus, for the 20-nm AuNP, the en-
hancement of RIA and RIP upon increased linker length was
less substantial compared with the values that were measured
for the smaller AuNP.


Pk-AuNP as an affinity probe for the purification of B-Slt
from cell lysate


Although B-Slt has been purified from recombinant E. coli cell
lysate by using affinity chromatography, such as P1 glycopro-
tein or Gb3Cer on a solid support,[52–54] Synsorb-Pk,[55] and
Sepharose-Pk,[52] the extraction efficiency and tedious handling
procedures needed improvement. Recently, the nitrilotriace-
tate-conjugated magnetic NP[56] was shown to be a better af-
finity particle for separation of His-tagged proteins with higher
specificity and binding capacity than those of microbeads.[48, 57]


These results encouraged us to test Pk-AuNPs as affinity probes
for B-Slt purification. The advantages of using Pk-AuNP are:
1) due to the large surface-area-to-volume ratio, the binding
capacity of NPs should be higher than microbeads. 2) Pk-AuNP
is soluble up to 40 mgmL�1 in aqueous buffers ; hence AuNPs
should be able to capture the target protein faster than insolu-
ble microbeads. 3) The separation procedure is easier than that
of column chromatography—AuNPs can be separated by cen-
trifugation. 4) The Pk-AuNPs are stable in frozen solution or as
a dry powder for at least 6 months.
The gene that encodes B-Slt was constructed in the high-


level expression vector pJLB 28. After induction, E. coli that ex-
presses recombinant B-Slt were lysed by polymyxin B,[58] and
the resulting mixture was examined by sodium dodecyl sulfate


polyacrylamide gel electrophoresis (SDS-PAGE). As shown in
Figure 5A, lane 1, the most intensively Coomassie-blue-stained
band was at ~6.5 kDa; this suggests that the major protein in
the cell lysate was B-Slt (MW of the monomer is 7693.44 Da).
After extraction of B-Slt with 13-l-Pk-AuNP, only one band of
~7 kDa was observed (Figure 5A, lane 2). By native PAGE, how-
ever, a band was observed at ~35 kDa; this indicates that the
pentamer complex of B-Slt is conserved after Pk-AuNP extrac-
tion (Figure S4).
The Pk-AuNP extraction complex was also analyzed directly


by MALDI-TOF MS to release three peaks in the spectrum, each
corresponded to the molecular weights of target protein,
target protein with matrix, and target protein with two posi-
tive charges (MW 3857.46 Da; Figure 5B) ; this indicates that
only B-Slt was extracted by Pk-AuNP. Notably, after capturing
the target protein on the AuNP surface, the normally tedious
desalting procedure before mass analysis can be simplified by
washing the AuNP complex with water.[35] The Pk-AuNP-cap-
tured B-Slt was resistant proteolysis by trypsin (data not
shown). All of these results clearly demonstrated that Pk-AuNP
is a target-specific and effective nano-affinity probe. Moreover,
around 1.048 mg of B-Slt was extracted by using 50 mg Pk-
AuNP (three times) from 100 mL of cell culture. The Pk-AuNP
probe could be reused at least ten times without significant
loss in purification performance.


SLT detection assay


Encouraged by the promising separation performance of Pk-
AuNP, we then explored its potential application in the detec-
tion of Slt-I. Each Slt is composed of A and B subunits (A- and
B-Slts) ; the A subunit attaches to the B subunit on the oppo-
site site of the carbohydrate-binding site.[59] Thus, we devel-
oped a chip-based assay, similar to an ELISA, to detect Slt-I, as
outlined schematically in Figure 6.
The monoclonal antibody against A-Slt was immobilized on


a glass slide, and thus the toxin could be captured by the anti-
body and thereby expose the carbohydrate-binding site of B-
Slt. The presence of toxin was then visualized by incubating


Figure 4. Relative size of AuNPs and B-Slt. Top: 4-Pk-s-AuNP to
B-Slt pentamer; left : 13-Pk-s-AuNP to B-Slt pentamer; bottom:
20-Pk-s-AuNP to B-Slt pentamer.


Figure 5. A) SDS-polyacrylamide gel electrophoretic analysis of B-Slt that was extracted
by AuNPs. The samples were analyzed on a 15% polyacrylamide gel in the presence of
10 mm DTT. The location of B-Slt subunit band is indicated by the arrow. Lane 1, cell
lysate; lane 2, after purification with AuNPs; lane 3, molecular weight marker. The appar-
ent molecular weight of B-Slt is 7.7 kDa. B) Mass spectrum of AuNP-extracted B-Slt.
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the chip with high-affinity Pk-AuNPs, followed by silver en-
hancement.[60–62] We initially investigated the influence of
AuNP size on silver enhancement. B-Slt was immobilized on a
N-hydroxysuccinimide (OSu)-activated glass slide (spot size, ca.
100 mm in diameter) by random amide bond formation by
using a pin-type microarrayer.
After 1 h in a 100% humidity chamber, the glass slide was


washed with phosphate-buffered saline (PBS, pH 7.4) followed
by treatment with ethanolamine (50 mm, pH 8.0) to cap the
unreacted N-hydroxysuccinimide. The capping process was
performed to prevent the activated surface from reacting with
target protein. For simultaneous incubation with different sam-
ples, the coated slide was divided into three detection areas
by a slide incubation chamber. Then, the slide was incubated
with 4-, 13-, or 20-Pk-l-AuNPs (0.5 mgmL�1 each, 1% BSA in
PBS), respectively, for 1 h at 37 8C. The slide was washed with
PBST (PBS that contained 0.05% (w/v) Tween 20, pH 7.4) and
PBS alternately. After silver enhancement, the glass slide was
visualized by using a plate scanner. As shown in Figure 7,
small-sized AuNPs showed a better silver enhancement effect.
In the silver enhancement, AuNPs serve as catalysts to reduce
silver(I) ions to metallic silver, which is then deposited on the
AuNP nuclei. Thus, when small-sized AuNPs were used, more
particles were captured on the slide, which resulted in more
nuclei being available for silver precipitation.
In the Slt-I detection assay, the monoclonal antibody against


A-Slt (1 mgmL�1, Abcam) was immobilized on the OSu glass
slide and then divided into three detection areas, as shown in
Figure 8. The left area in Figure 8 was treated with 1 mgmL�1


Slt-I in PBS for 1 h. After extensive washing with PBST, the pro-
tein A-conjugated 13 nm AuNPs were used as the positive con-
trol probe (Figure 8 right), and the 13-l-Pk-AuNP solution was
added to the Slt-detection area (Figure 8, left). The image of
the Slt-I-detection area showed positive signals for the solution


that contained the target Slt-I (Figure 8, left), and a
negative signal for the area without Slt-I (Figure 8,


middle). The detection sensitivity (1 mgmL�1 Slt-I) was equiva-
lent to that obtained by using quantum dots in an Slt-I detec-
tion assay.[63] Although the detection limit of our nonoptimized
Pk-AuNP-based Slt-I detection method was not as sensitive as
ELISA,[64] our method provides a relatively cost-effective, rapid
and accurate platform.[65]


Conclusions


In conclusion, we present a straightforward method to prepare
thiolated Pk antigen and its AuNP conjugates. By TEM image
analysis and anthrone–sulfuric acid colorimetric assay, the
amount of ligand on the AuNP surface could be estimated.
Due the steric effects, a greater amount of Pk antigen with a
long linker was assembled on the AuNP compared with the
short linker. In an SPR competition assay, the Pk-AuNPs showed
a high affinity for B-Slt : up to 108-fold in comparison with the
free Pk. The IC50 of 20-P


k-l-AuNP was 1.14 pm (Supporting Infor-
mation), which is better than the well-designed starfish-type
inhibitor.[17] Although the relative inhibition potency of each Pk


antigen on AuNP was increased by 2.2N105-fold, which is less
than the starfish-type inhibitor (increased by 106-fold), the syn-
thesis of Pk-coated AuNPs is relatively simple by comparison.
The high affinity of Pk-AuNP for B-Slt might result from the
high-density binding site of B-Slt and the low curvature of the
large NP surface; this results in the binding of all B-Slt-binding
sites simultaneously. Additionally, AuNPs had the advantage of
increasing the relative inhibition potency by optimizing the
surface density by thiol ligand exchange. Due to its high affini-
ty for B-Slt, large surface-area-to-volume ratio, and mono-dis-
persion in solution, Pk-AuNPs are excellent specific probes for
the purification of B-Slt. The extraction time by using Pk-AuNP
was shorter and the amount of extracted protein was greater
than that reported for Pk-coated microbeads. Furthermore, the


Figure 6. Schematic presentation of the chip-based assay for the detection of Slt-I. The
antibody that recognizes A-Slt is immobilized on the glass slide. After being incubated
with Slt-I, the presence of Slt-I on the chip is visualized by incubating the chip with the
high-affinity Pk-AuNPs, followed by silver enhancement.


Figure 7. Effect of Pk-AuNP size on the efficiency of silver
enhancement.
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combination of Pk-AuNP and a silver enhancement technique
resulted in the development of a relatively cost-effective, rapid
and accurate platform for the detection of Slt-I.


Experimental Section


3-{2-[2-(2-Amine-ethoxy)-ethoxy]}-propene (10): NaH (60% with
oil, 1.5 g, 63 mmol) was added to 2-[2-(2-azido-ethoxy)ethoxy]etha-
nol[66] (5 g, 71 mmol) in DMF (40 mL) at 4 8C. After 30 min, allylbro-
mide (6 mL, 63 mmol) was added, and the resulting mixture was
stirred at 4 8C for 3 h. MeOH (5 mL) was then added to quench the
reaction, and the solution was partitioned between H2O and
CH2Cl2. The aqueous layer was further extracted twice with CH2Cl2
and the combined organic layers were dried over MgSO4. The sol-
vent was removed under reduced pressure, and the resulting resi-
dues were purified by silica gel chromatography (EtOAc/hexanes
1:3) to afford the desired azide as oil (6 g, 88%); 1H NMR (400 MHz,
CDCl3): d=5.92–5.87 (m, 1H; CH2CH), 5.28 (d, J=17.2 Hz, 1H;
CH2CH), 5.16 (d, J=10.8 Hz, 1H; CH2CH), 4.01 (d, J=5.6 Hz, 2H;
OCH2), 3.67–3.58 (m, 11H; OCH2CH2O), 3.37 (br t, 2H; CH2N);
13C NMR (100 MHz, CDCl3): d=134.69, 117.02, 72.16, 70.65, 70.64,
70.62, 69.96, 69.36, 50.63; HRMS (FAB): m/z calcd for C9H18N3O3:
216.1348; found: 216.1349 [M+H]+ . PPh3 (2.5 g, 9 mmol) was
added to the above compound (1 g, 5 mmol) in THF/H2O (3:1,
16 mL) and the resulting mixture was stirred at rt for 8 h. The sol-
vent was removed under reduced pressure, and the resulting resi-
dues were purified by silica gel chromatography (MeOH/CH2Cl2 1:3)
to give compound 10 (700 mg, 80%); 1H NMR (500 MHz, MeOH):
d=6.01–5.95 (m, 1H; CH2CH), 5.36 (d, J=17.2 Hz, 1H; CH2CH), 5.23
(d, J=10.8 Hz, 1H; CH2CH), 4.09 (d, J=5.6 Hz, 2H; OCH2), 3.72–3.58
(m, 11H; OCH2CH2O), 2.85 (br t, 2H; CH2N);


13C NMR (125 MHz,
CD3OD): d=136.29, 117.35, 73.58, 73.16, 71.69, 71.68, 71.40, 70.69,
42.27. ; HRMS (FAB): m/z calcd for C9H20NO3: 190.1443 [M+H]+ ;
found: 190.1446.


a-d-Galactopyranosyl-(1!4)-b-d-galactopyranosyl-(1!4)-b-d-
glucopyranosyl-1-N-(2-{2-[2-(3-mercapto-propoxy)ethoxy]eth-
oxy}ethyl)-4-butyramide (1): To a solution of compounds 9
(200 mg, 0.978 mmol) and 10 in CH2Cl2 (20 mL) were added EDC
(75 mg, 0.396 mmol) and HOBt (53 mg, 0.396 mmol) at room tem-
perature. After stirring for 1 h, the reaction mixture was evaporated
under vacuum, and the resulting residues were dissolved in EtOAc,
and washed with water and brine. The organic layer was dried
over MgSO4 and then concentrated. The residues were purified by
silica gel chromatography to give allylated compound (213 mg,
91%). Rf=0.29 (EtOAc/hexanes +10% MeOH 1:1); 1H NMR (500 MHz,
CDCl3): d=6.45 (NH), 5.95–5.87 (m, 1H; CH2CH), 5.57 (d, J=2.3 Hz,
1H; H-4’’), 5.38 (dd, J=10.8 Hz, J=2.8 Hz, 1H; H-3’’), 5.27 (d, J=
17.2 Hz, 1H; CH2CH), 5.19–5.16 (m, 3H; H-3’, H-2’’, CH2CH), 5.10
(dd, J=10.6 Hz, J=7.6 Hz, 1H; H-2), 4.98 (d, J=3.2 Hz, 1H; H-1’’),
4.87 (t, J=8.3 Hz, 1H; H2’), 4.73 (dd, J=1.8 Hz, J=10.7 Hz, 1H; H-
6b), 4.51 (d, J=8.0 Hz, 1H; H-1’), 4.50–4.45 (m, 3H, H-3, H-5’’; H-
6a), 4.43 (dd, J=7.4 Hz, J=11.0 Hz, 1H; H-6b’), 4.18–4.07 (m, 4H;
H-5, H-6a’, H-6’’), 4.01 (d, J=5.6 Hz, 2H; OCH2), 3.93 (t, J=6.4 Hz,
1H; H-4), 3.88–3.74 (m, 2H; H-5, H-4’), 3.65–3.61 (m, 11H;
OCH2CH2O), 3.55 (br t, 2H; CH2N), 3.37 (m, 2H; H-a), 2.25–2.21 (m,
2H; Hc), 2.12 (s, 3H; Ac), 2.11 (s, 3H; Ac), 2.07 (s, 3 ;, Ac), 2.06 (s,
3H; Ac), 2.05 (s, 6H; Ac), 2.04 (s, 3H; Ac), 2.03 (s, 6H; Ac), 1.97 (s,
3H; Ac), 1.94–1.81 (m, 2H; Hb); 13C NMR (125 MHz, CDCl3): d=
172.78, 170.65, 170.64, 170.42, 170.06, 169.80, 169.60, 169.51,
168.83, 134.61, 117.24, 101.05, 100.58, 99.60, 76.88, 76.38, 73.05,
72.78, 72.59, 72.18, 71.81, 70.51, 70.18, 69.75, 69.36, 69.29, 68.97,
68.84, 67.89, 67.12, 67.05, 62.08, 61.30, 60.26, 39.31, 32.46, 25.61,
20.90, 20.85, 20.68, 20.67, 20.63, 20.60, 20.56, 20.49. ; HRMS (FAB):
m/z calcd for C51H76NO30: 1182.4374 [M+H]+ ; found: 1182.4379.
The above compound (265 mg, 0.224 mmol), thiolacetic acid
(0.2 mL, 3.3626 mmol), and a catalytic amount of AIBN in MeOH
(20 mL) were degassed, then heated to 75 8C for 12 h. The mixture
was evaporated under vacuum, and the resulting residues were
purified by silica gel chromatography to give fully protected thio-
late compound (211 mg, 75%). Rf=0.30 (1:1 EtOAc/hexane + 10%
MeOH); 1H NMR (400 MHz, CDCl3): d=6.45 (NH), 5.58 (d, J=2.4 Hz,
1H; H-4’’), 5.39 (dd, J=11.2 Hz, J=3.6 Hz, 1H; H-3’’), 5.21–5.16 (m,
2H; H-3’, H-2’’), 5.10 (dd, J=10.4 Hz, J=7.6 Hz, 1H; H-2), 4.98 (d,
J=3.6 Hz, 1H; H-1’’), 4.87 (t, J=8.4 Hz, 1H; H2’), 4.73 (dd, J=
1.8 Hz, J=10.7 Hz, 1H; H-6b), 4.51 (d, J=8.0 Hz, 1H; H-1’), 4.50–
4.45 (m, 3H; H-3, H-5’’, H-6a), 4.41 (dd, J=7.4 Hz, J=11.0 Hz, 1H;
H-6b’), 4.19–4.08 (m, 4H; H-5, H-6a’, H-6’’), 4.01 (d, J=5.6 Hz, 2H;
OCH2), 3.93 (t, J=6.4 Hz, 1H; H-4), 3.88–3.74 (m, 2H; H-5, H-4’),
3.65–3.55 (m, 11H; OCH2CH2O), 3.51 (br t, 2H; CH2N), 3.45 (m, 2H),
2.95 (t, J=7.2 Hz , 2H; Ha), 2.32 (s, 3H; SAc), 2.26–2.25 (m, 2H; Hc),
2.12 (s, 3H; Ac), 2.11 (s, 3H; Ac), 2.08 (s, 3H; Ac), 2.07 (s, 3H; Ac),
2.06 (s, 6H; Ac), 2.05 (s, 3H; Ac), 2.04 (s, 6H; Ac), 1.98 (s, 3H; Ac),
1.90–1.82 (m, 2H; Hb); 13C NMR (100 MHz, CDCl3): d=195.88,
172.71, 170.65, 170.64, 170.42, 170.06, 169.80, 169.60, 169.51,
168.83, 101.05, 100.58, 99.60, 76.88, 76.38, 73.04, 72.77, 72.57,
71.76, 70.49, 70.45, 70.19, 70.13, 69.78, 69.55, 69.31, 68.95, 68.82,
67.87, 67.10, 67.04, 62.06, 61.26, 60.25, 39.28, 32.50, 30.60, 29.50,
25.90, 25.59, 20.90, 20.86, 20.68, 20.67, 20.63, 20.60, 20.56, 20.49. ;
HRMS (FAB): m/z calcd for C53H79NO31SNa: 1280.4357 [M+Na]+ ;
found: 1280.4361. A catalytic amount of NaOMe was added to a
solution of the above compound (100 mg, 0.079 mmol) in MeOH
(15 mL). The mixture was stirred at room temperature for 30 min.
The mixture was diluted with MeOH and then treated with IR-
120 H+ resin. Resins were filtered off, the filtrate was concentrated
under vacuum, and the resulting residues were purified by P2 gel
column by using distilled water as the eluent to give compound 1
in 92% yield; 1H NMR (500 MHz, CD3OD): d=4.91 (d, J=3.5 Hz,
1H), 4.38 (d, J=6.5 Hz, 1H), 4.26–4.20 (m, 2H), 3.95–3.45 (m, 36H),


Figure 8. Silver-enhanced image of the Slt detection area.
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3.37–3.32 (m, 4H), 3.20–3.15 (m, 2H), 2.29 (t, J=7.3 Hz, 2H), 1.87 (t,
J=6.5 Hz, 2H), 1.81 (t, J=6.5 Hz, 2H), 1.29–1.25 (m, 4H); 13C NMR
(125 MHz, CD3OD): d=105.52, 104.39, 102.84, 81.16, 79.92, 76.68,
76.57, 75.04, 74.82, 72.99, 72.81, 71.73, 71.69, 71.43, 71.41, 71.35,
71.33, 71.19, 70.71, 70.42, 70.27, 70.08, 70.04, 40.54, 36.22, 35.08,
33.81, 30.88, 30.43, 27.32, 21.91; HRMS (FAB): m/z calcd for
C62H121N2O40S2 1597.6160 [M]


+ ; found: 1597.5871.


Synthesis of Pk-AuNPs: All glassware used in the following reac-
tion was cleaned by the Pirahna reagent (concd. H2SO4/30% hydro-
gen peroxide 3:1) and repeatedly rinsed with deionized water.
Gold particles of 4-nm diameter were synthesized in deionized
water by the addition of NaBH4 (0.2 mL, 0.5 mgmL


�1) to a solution
of HAuCl4 (3 mg) and Pk trisaccharide antigen 2 (3 mg) in deionized
water (20 mL). The reaction was vigorously stirred at 4 8C for 3 h.
The solution color changed from light-yellow to brown. The solu-
tion was stirred for another 1 h, and then most of the solvent was
removed under vacuum until only a small amount of water re-
mained. The resulting Pk-AuNP solution was centrifuged at 55000g
for 1.5 h to separate the Pk-AuNPs from free Pk. The supernatant
was discarded, and the residue was redispersed in deionized water
(1 mL). The centrifugation and redispersion steps were repeated
three times to ensure that all of the free ligand was removed. The
typical solution of 4-nm AuNPs in deionized water had a character-
istic absorption band at 512–515 nm.


Pk-AuNPs of 13-nm size were prepared by using trisodium citrate
to reduce HAuCl4. A freshly prepared solution of trisodium citrate
(10 mL, 10 mgmL�1 in deionized water) was added quickly to a
boiling HAuCl4 solution (190 mL, 0.05 mgmL�1 in deionized water).
After the solution color changed from pale-yellow to wine-red, the
mixture was stirred at refluxing temperature for another 15 min
and then allowed to cool to room temperature. This solution was
degassed under vacuum for 30 s�1, and bubbled with nitrogen for
several cycles to remove oxygen. After degasification, the reduced
Pk antigen (1 mL, 10 mgmL�1) was added while stirring at room
temperature. After stirring overnight, the solvent was removed
under vacuum until a small amount of water remained. The result-
ing Pk-AuNP solution was centrifuged at 14000g for 0.5 h to sepa-
rate the Pk-AuNPs from free Pk. After discarding the supernatant,
the residue was redispersed with deionized water (1 mL). The cen-
trifugation and redispersion steps were repeated three times to
ensure that all of the free ligand was removed. The typical solution
of 13-nm AuNP in deionized water had a characteristic absorption
band at 518–520 nm.


The synthesis of 20-nm AuNPs was similar as that described for the
synthesis of 13 nm AuNPs. However, the HAuCl4 concentration was
increased to 0.1 mgmL�1. After addition of trisodium citrate, the
solution color changed to deep red. The NPs were collected by
centrifugation at 12000g. The typical solution of 20-nm AuNP in
deionized water had a characteristic absorption band at 522–
525 nm.


Transmission electron microscopy (TEM) measurements : Trans-
mission electron microscopy was preformed on a JEOL microscope
(Model JEM-2011) that operated at 200 kV to characterize the size
and dispersion of the NPs. A drop of the NP solution (1 mL) was
placed on a carbon-coated 200-mesh copper grid. The grid was
left to dry at room temperature for several hours, and then subse-
quently dried under vacuum overnight and analyzed. Mean particle
size and standard deviation were determined by measuring at
least 50 particles.


Determination of carbohydrate amount on nanoparticles sur-
face : Glyconanoparticles (100–500 mg) were dispersed in deionized


water (0.5 mL) in an ice bath. A freshly prepared 0.5% (w/w) solu-
tion of anthrone in sulfuric acid (1 mL) was added slowly to this
ACHTUNGTRENNUNGsolution. The resulting solution was gently mixed and heated to
100 8C for 10 min. The absorption of the solution was measured at
620 nm and compared with those that were obtained from a stan-
dard curve to determine the amount of ligand on the AuNP
surface.


SPR measurements : The affinity between glyconanoparticles and
B-Slt was measured by using a BIAcore 3000 (BIAcore AB, Uppsala,
Sweden). The J1 sensor chip was modified with Pk antigen by
ACHTUNGTRENNUNGinjecting a mixture that contained 40% Pk antigen and 60% 3-[2-
(2-methoxy-ethoxy)ethoxy]propane-1-thiol for 15 min (1 mLmin�1)
three times. The SPR responses for the Pk antigen were about 300–
500 R.U. The affinity between this chip and B-Slt was determined
by injecting a series of B-Slt concentrations to generate multiple
SPR response curves, to calculate the Ka of B-Slt. In the competition
assay, the SPR response curves of inhibitor were obtained by
ACHTUNGTRENNUNGinjecting a mixture of 31-nm B-Slt with various concentrations of
competitive inhibitor into a Pk-antigen-modified J1 chip. The inhibi-
tion constant (Ki) was obtained by using Equation (2).


Purification of B-Slt by Pk-AuNP : E. coli that carried the B-Slt gene
(encoded in plasmid pJLB 28) was obtained from Professor Brun-
ton[67] and was cultured in LB Broth medium (500 mL) that con-
tained ampicillin (100 mgmL�1) for 3 h at 37 8C. Isopropyl b-d-thio-
galactoside (IPTG) was added to the growing cells (OD=0.5) to a
final concentration at 1 mm, and the strains were cultured for an
additional 4 h at 37 8C. The cells were harvested by centrifugation
at 6000g for 10 min at 4 8C, and the pellet was washed with 0.9%
NaCl. The cells were lysed by incubation of the above pellet in PBS
(10 mL) that contained polymyxin B sulfate (0.1 mgmL�1) with
shaking at 300 rpm at 37 8C for 30 min. The cell lysates were centri-
fuged at 12000g for 10 min, and the supernatant was recovered.
The pellet was extracted with polymyxin B solution (5 mL), and the
supernatants were combined. 13-Pk-s-AuNP (50 mg) was added to
a cell lysate (1 mL), and then the mixture was gently shaken
(60 rpm) for 10 min. The Pk-AuNP-protein complex was centrifuged
at 14400g at 4 8C for 15 min, and the precipitates were washed
with PBS (3N1 mL). B-Slt was eluted by 6m MgCl2 (in deionized
water), and the eluent was dialyzed against PBS. Protein concentra-
tion was determined by using a Bradford protein assay kit (Bio-
Rad). After eluting with 6m MgCl2, the AuNP was recovered by
centrifugation and by washing the precipitate with deionized H2O.
The purity of purified B-Slt was examined by 15% SDS-PAGE and
MALDI-TOF mass analysis.


Slt detection assay : The N-hydroxysuccinimide-activated glass
slide was spotted with a monoclonal antibody (Abcam, Inc. Cam-
bridge, UK) against A-Slt. The slide was incubated at 4 8C for 1 h,
and then washed with PBS twice. Ethanolamine (50 mm in deion-
ized water, pH 8) was used as a blocking reagent to cap the acti-
vated esters. Then, Slt-I (20 mL, 1 mgmL�1, Merck) was dropped
onto the antibody-coated slide surface followed by gentle shaking
at room temperature for 1 h. The slide was washed three times
with PBS. The 13-Pk-s-AuNP was incubated with the slide and al-
lowed to be captured by exposed B-Slt. Finally, silver enhancement
was performed by applying silver staining solution (500 mL, Sigma)
to the dried slide for 8 min. The reaction was terminated by wash-
ing the slide with Na2S2O4 (50 mm). The slides were spin-dried and
imaged with a plate scanner.
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Robbert H. Cool,[a] Bauke W. Dijkstra,[d] and Wim J. Quax*[a]


Introduction


Enzymes are powerful tools for the industrial production of
pharmaceuticals and their intermediates. They are capable of
performing highly regioselective and/or enantioselective re-
ACHTUNGTRENNUNGactions, and can accelerate reaction rates by orders of magni-
tude.[1, 2] However, most applications of enzymes do not rely on
the natural reactions they catalyze, but use non-natural sub-
strates. Wild-type enzymes are often not optimal catalysts for
these applications because of poor substrate specificity, low
stability or insufficient (enantio-)selectivity for the cost-effective
production of a particular product. In this respect, directed
evolution has emerged as an important method to make en-
zymes more suitable as industrial biocatalysts.[3]


In directed evolution experiments the successful identifica-
tion of improved variants strongly depends on the availability
of effective screening or selection methods.[4] Screening is
widely applied as a first selection tool; however, the probing
of the enantioselectivity of lipases and esterases depends on
time-consuming assays.[5] As an alternative, in vivo selection
strategies can be used that exploit conditions that favor the
exclusive survival of desired variants. Consequently, uninterest-
ing variants are never seen, and larger mutant libraries can
easily be evaluated, even up to sizes of 1010 variants.[6, 7]


A powerful selection method is based on linking cell survival
to the desired enzymatic activity. The general strategy for such
a selection system involves the introduction into the host cells
of a stringent metabolic requirement for the desired activity.
Plasmids that encode a mutant library of the protein of interest
are introduced into the selection host. Next, selective growth
conditions are imposed in such a way that only those cells


that express variants of the protein of interest with the desired
activity are viable.[3, 7, 8]


Many examples of genetic selections for improved activity
are available.[7–12] Often substrate mimics are used in the
design of an in vivo selection method for a specific reaction to
fulfill the metabolic requirement.[13] These mimics should be
soluble in water, and they and their products should not inter-
fere with the cellular environment.


Our aim is to develop an enantioselective lipase for the pro-
duction of enantiopure 1,2-O-isopropylidene-sn-glycerol (IPG),
a precursor in the synthesis of b-adrenoceptor antagonists.
Previously, we have shown that lipase A (LipA) of Bacillus sub-
ACHTUNGTRENNUNGtilis 168 is capable of hydrolyzing butyrate esters of IPG, al-
though hardly any enantiopreference was observed (ee value
of �20.3 % for (R)-(�)-IPG).[14] Since the desired enantiomer is
(S)-(+)-IPG, we decided to apply directed evolution to develop


[a] Dr. Y. L. Boersma, Dr. R. H. Cool, Prof. Dr. W. J. Quax
Department of Pharmaceutical Biology, University of Groningen
A. Deusinglaan 1, 9713AV Groningen (The Netherlands)
Fax: (+31)50-363-3000
E-mail : W.J.Quax@rug.nl


[b] Dr. M. J. Drçge
ABL BV
P.O. Box 232, 9400AE Assen (The Netherlands)


[c] Dr. A. M. van der Sloot
Department of Systems Biology, CRG-EMBL
Dr. Aiguader 88, 08003 Barcelona (Spain)


[d] T. Pijning, Prof. Dr. B. W. Dijkstra
Laboratory of Biophysical Chemistry, University of Groningen
Nijenborgh 4, 9747AG Groningen (The Netherlands)


In directed evolution experiments, success often depends on the
efficacy of screening or selection methods. Genetic selections
have proven to be extremely valuable for evolving enzymes with
improved catalytic activity, improved stability, or with altered
substrate specificity. In contrast, enantioselectivity is a difficult
parameter to select for. In this study, we present a successful
strategy that not only selects for catalytic activity, but for the first
time also for enantioselectivity, as demonstrated by the selection
of Bacillus subtilis lipase A variants with inverted and improved
enantioselectivity. A lipase mutant library in an aspartate auxo-
troph Escherichia coli was plated on minimal medium that was
supplemented with the aspartate ester of the desired enantiomer
(S)-(+)-1,2-O-isopropylidene-sn-glycerol. To inhibit growth of less


enantioselective variants, a covalently binding phosphonate ester
of the opposite (R)-(�)-1,2-O-isopropylidene-sn-glycerol enantio-
mer was added as well. After three selection rounds in which the
selection pressure was increased by raising the phosphonate
ester concentration, a mutant was selected with an improved
enantioselectivity increased from an ee of �29.6% (conversion
23.4%) to an ee of +73.1% (conversion 28.9%) towards the (S)-
(+)-enantiomer. Interestingly, its amino acid sequence showed
that the acid of the catalytic triad had migrated to a position
ACHTUNGTRENNUNGfurther along the loop that connects b7 and aE; this shows that
the position of the catalytic acid is not necessarily conserved in
this lipase.
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a LipA variant with a high (inverted) enantioselectivity towards
(S)-(+)-IPG. The three-dimensional structure of LipA[15] suggest-
ed that residues 132 to 136 would be good targets for a direct-
ed evolution approach even though Asp133 is one of the cata-
lytic triad residues. These residues were mutated and the
mutant library was transformed to E. coli K-12 PA340/T6, a
strain in which both pathways for aspartate synthesis have
been knocked out.[16] The E. coli knock-out was plated onto se-
lective minimal medium plates, supplemented with enantio-
pure (S)-(+)-IPG that had been esterified to l-aspartate. Only
those LipA variants expressed in the periplasm that could hy-
drolyze this aspartate ester were able to provide the aspartate
that was needed for bacterial growth. To avoid growth of bac-
teria that express less enantioselective variants, the stringency
of the selection was increased by adding a phosphonate ester
of the undesired IPG enantiomer to covalently inhibit variants
with some activity against the (R)-(�)-IPG enantiomer. Mutants
with an improved enantioselectivity towards (S)-(+)-IPG were
selected. This selection strategy for improved enantioselectivity
might be generally applicable as well to other hydrolases that
are expressed in the periplasm.


Results and Discussion


Construction of the mutant library


Cassette mutagenesis was applied to construct a saturated
mutant library directed towards amino acids 132 to 136 of
mature LipA. The primer sequences resembled the lipA se-
quence by approximately 80 %. Sequence analysis of 13 clones
revealed that the percentage of both single and double-mutat-
ed amino acids was 31 %. Two clones showed deletions, while
two other clones had no amino acid mutation. After transfor-
mation of E. coli TG-1, a mutant library that consisted of 3.5 I
104 colonies was obtained. This should be more than sufficient


to obtain all possible single mutations at the amino acid level.
This library was used for the transformation of the aspartate
auxotroph E. coli K-12 PA340/T6.


Dual selection


To examine the functionality of the IPG aspartate substrate
mimic, its hydrolysis by purified wild-type LipA was determined
in the IPG assay and compared with the hydrolysis of the sub-
strate of interest IPG butyrate. The enzyme converts both sub-
strates to a similar degree: 29.4 % for IPG butyrate versus
21.8 % for the aspartate ester. Wild-type LipA hydrolyzes the
commonly used substrate IPG butyrate with an enantiomeric
excess (ee) of �12.9 % �1.6 of the (R)-(�)-enantiomer. IPG as-
partate is also hydrolyzed, with a somewhat lower enantiomer-
ic excess of �5.5�1.1 % towards the (R)-(�)-enantiomer. No
statistically significant difference was observed in enantioselec-
tivity towards the substrates (p<0.001). These results indicate
that IPG aspartate can be used as a mimic substrate.


To introduce a dual selection step, soluble IPG phosphonate
inhibitors were used (Scheme 1). To assess the inhibitory effect
of the IPG phosphonate esters, an inhibition assay was per-
formed by using purified wild-type LipA according to ref. [17].
The t50 of inhibition was 10 min for both enantiomers. Further-
more, transformed wild-type LipA was plated on minimal
medium supplemented with the IPG phosphonate ester and
on LB agar plates. The latter showed approximately 2500 colo-
nies after overnight incubation, while only a few small colonies
appeared on the phosphonate plates after 5 days of incuba-
tion. These results indicate that the phosphonate inhibitor
limits rather than completely abolishes growth. This allows the
use of phosphonate inhibitors in directed evolution experi-
ments.


Scheme 1. A) Chemical structure of 1,2-O-isopropylidene-sn-glycerol (IPG). B) Chemical structure of the aspartate ester of IPG. C) Chemical structure of the
soluble phosphonate inhibitors. Note that the inhibitor is enantiopure at the chiral atom of the IPG molecule and racemic at the phosphorous atom. The
ACHTUNGTRENNUNGabsolute configuration of IPG changes upon attachment to the phosphorous atom or upon ester bond formation.


ChemBioChem 2008, 9, 1110 – 1115 E 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1111


A Genetic Selection System for LipA



www.chembiochem.org





Selection on selective minimal
medium


E. coli K-12 PA340/T6-competent
cells were transformed with the
mutant library and, as a control,
with wild-type LipA. Approxi-
mately 2500 colonies appeared
per plate after overnight incuba-
tion on LB agar plates. On plates
supplemented with either aspar-
tate or the aspartate ester, ap-
proximately 1500 colonies ap-
peared after two days. On plates
supplemented with the phos-
phonate inhibitor in addition to
the aspartate ester, colonies also
appeared after two days, al-
though their number was reduced to approximately 1000 colo-
nies. Negative control plates showed approximately 100 small
colonies after 5 to 10 days of incubation. After the second
round of selection, approximately 750 colonies appeared on
plates supplemented with both the inhibitor and the aspartate
ester, while after the third round approximately 400 colonies
were found.


At the end of each round after two days of growth, the 50
largest colonies were chosen from the plates supplemented
with both the aspartate ester and the phosphonate inhibitor,
and their LipA proteins were isolated from the periplasmic
fraction. Table 1 shows the catalytic activities, enantioselectivi-
ties (expressed as enantiomeric excess ee and E value) and the
mutations that were introduced into the variants.


The first round of selection was designed in such a way that
conditions were not too stringent. All selected variants showed
an (inverted) enantioselectivity towards (S)-(+)-IPG. However,
under these mild conditions not many variants with a signifi-
cantly improved enantioselectivity (ee >+ 30 %) were found.
Ultimately, two more improved variants were sequenced; one
variant had only one mutation, I135F, while the other variant
had mutations A132P/M134Q.


The enantioselectivity of the best variant (A132P/M134Q) in-
creased in subsequent selection rounds with higher selection
pressure, from an ee value of + 34 % after the first round, to an
ee value of +73 % after the third selection round. Sequence
analysis revealed that all 5 residues in the region of 132 to 136
were prone to mutation, and residue 134 showed the highest
mutation frequency.


Some colonies were picked from the plates that were sup-
plemented with (S)-(�)-IPG aspartate ester as well ; these had
activities and enantioselectivities that were comparable to
those of wild-type LipA (conversion approximately 20 %, ee
ACHTUNGTRENNUNGapproximately �25 % towards (R)-(�)-IPG).


Interestingly, the catalytic residue Asp133 was prone to mu-
tation as well, without apparent effect on the viability of the
clones. Therefore, the mutant found in the third selection
round, D133A/V136D, was subjected to further analysis.


Characterization of the D133A/V136D mutant


The expression of variant D133A/V136D in the periplasm was
examined by SDS-PAGE and western blot (Figure 1), and was
found to be similar to wild-type LipA. D133A/V136D had a


ACHTUNGTRENNUNGcatalytic activity that was comparable to that of the wild-type
enzyme (conversion of 28.9 % versus 23.4 % of wild-type LipA).
In contrast, its KM for (S)-(+)-IPG was significantly lowered, and
its KM for (R)-(�)-IPG was significantly increased (Table 2, p<
0.05) ; this resulted in an improved enantioselectivity with an
ee of 73.1 % �0.7 towards (S)-(+)-IPG (E value of 8.5).


An intriguing question is why the mutation of Asp133, one
of the catalytic triad residues, to an alanine does not abolish
catalytic activity. Inspection of the 3D structure of LipA,[15]


Table 1. Enantioselective hydrolysis of racemic esters of IPG butyrate by periplasmic fractions of selected LipA
variants (n=3).


Variant Conversion (%) ee (%) E[a] Enantiomer formed in excess Mutation


WT LipA 23.4�1.1 �29.6�0.5 1.8 (S)-(�)-IPG
1st round


1 36.6�1.0 +34.4�0.7 2.4 (S)-(+)-IPG A132P, M134Q
2 6.7�0.6 +43.2�0.8 2.6 (S)-(+)-IPG I135F


2nd round
3 7.2�2.5 +68.7�0.9 5.7 (S)-(+)-IPG D133N
4 15.2�1.2 +62.5�1.2 4.9 (S)-(+)-IPG A132T, M134T
5 21.2�0.9 +55.7�1.0 4.1 (S)-(+)-IPG D133E, M134R
6 19.7�0.8 82.5�2.5 12 (S)-(+)-IPG D133G, M134L, I135N
7 23.4�1.3 61.5�1.8 5.1 (S)-(+)-IPG D133Q, M134L, I135T


3rd round
8 28.9�0.5 73.1�0.7 8.5 (S)-(+)-IPG D133A, V136D


[a] E values were calculated by using the programme Selectivity by K. Faber and H. Hoenig, http://www.orgc.
TUGraz.at/


Figure 1. Determination of the expression levels of wild-type LipA and var-
iant D133A/V136D. Left panel : Expression of wild-type LipA (lane 3) and var-
iant D133A/V136D (lane 4) in the periplasm of E. coli HB2151 on SDS-PAGE
(12 %). An empty E. coli HB2151 strain (lane 2) was taken as a control, as well
as purified lipase (lane 5). The arrow indicates lipase; note that lipase in the
periplasmic fractions runs slightly higher on the gel due to a (His)6-tag. The
marker is shown in lane 1. Protein (25 mg) was loaded onto the gel. Right
panel : Expression of wild-type LipA (lane 3) and variant D133A/V136D
(lane 4) in the periplasm of E. coli HB2151 on western blot (detection by
using aLipA). An empty E. coli HB2151 strain (lane 2) was taken as a control,
as well as purified lipase (lane 5). The marker is shown in lane 1.


Table 2. KM determination of variant D133A/V136D (n=3)


Enzyme KM [mm] butyrate ester of
(�)-IPG (+)-IPG


WT LipA 0.53�0.33 1.05�0.10
LipA D133A/V136D 1.91�0.41 0.36�0.22


Statistical significance of differences: p<0.05.
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shows that the role of Asp133 might be taken over by the as-
partate introduced at position 136 in the D133A/V136D variant
(Figure 2).


To test this hypothesis, the double mutant D133AV136A was
constructed and expressed in the periplasm of E. coli HB2151.
The mutant appeared to have no activity on IPG butyrate. In
contrast, changing residue 136 into an aspartate, as in the
D133A/V136D double mutant, restores activity; this demon-
strates that Asp136 can take over the role of Asp133. In the
case of mutant D133A/V136D, the alanine at position 133 is
unable to stabilize the positive charge of His156. Since the
double mutant does show appreciable activity, it is likely that
the aspartate residue that was introduced at position 136
takes over the role of Asp133. Modeling shows that indeed an
aspartate residue at position 136 can interact with His156 in
such a way that the His156 side chain can also still interact
with the Ser77 side chain (Figure 2 B).


Conclusions


In the past, genetic selections such as presented here have
been successful in obtaining enzymes with improved catalytic
activity, increased stability, or altered substrate specificity. Yet,
enantioselectivity has proven to be a difficult property to
select for. Some indirect screening methods for enantioselec-
tivity based on bacterial growth have been described.[18–20]


However, these screening methods involve the individual ex-
amination of variants, and are therefore cumbersome and
often time consuming. In contrast, selection strategies encom-
pass the generation of a large number of variants of which
only the best ones are retained, thus the amount of work in-
volved in the characterization of the obtained variants is re-
duced. To be able to select directly for enantioselectivity in ad-
dition to catalytic activity, we have developed a novel genetic
selection system that allows the analysis of larger libraries
compared to the previously described indirect screening meth-
ods. Moreover, the addition of a phosphonate ester of the
ACHTUNGTRENNUNGundesired enantiomer, which covalently inhibits the enzyme
ACHTUNGTRENNUNGreduces the number of uninteresting variants.


Our selection system is based on the growth of an aspartate
auxotroph E. coli strain; the imposed selection pressure is in-
creased by raising the concentration of the phosphonate inhib-
itor. After the third round, no further improvement of the
enantioselectivity was observed, possibly because of the small


library of only five randomized amino acids. The variant with
the highest enantioselectivity was found in the second selec-
tion round (D133G/M134L/I135N). It showed an ee of + 82.1 %
(E value of 12), but its activity was less than that of wild-type
LipA (conversion of 19.7 % versus 23.4 % for LipA), and, there-
fore, it was not further analyzed. The best mutant from the
third selection round was variant D133A/V136D. It combines a
20–25 % enhanced conversion rate with an enantioselectivity
that is improved from an ee value of �29.6 % for the wild-type
enzyme, to an ee of +73.1 % for the desired substrate. It is
likely that by using larger libraries or by applying DNA shuf-
fling[21] or CASTing[22] variants with even higher enantioselectiv-
ity might be generated.


A surprising result of our work was the finding that the cata-
lytic triad residue Asp133 became mutated as well (to Asn or
Glu), without completely destroying the catalytic activity of the
enzyme. Nevertheless, these mutations are not unique. In
phospholipase A2 it has also been shown that an Asn residue
can take over the role of the Asp as a catalytic acid,[23] and a
Glu instead of an Asp is the catalytic acid in some other a/
b hydrolases.[24] Thus some variability is possible with respect
to the nature of the acidic catalytic residue without a drastic
effect on the activity of the enzyme.


However, not only the nature of the acidic catalytic residue
can vary in the a/b hydrolase fold enzymes, but also its topo-
logical location. While the nucleophile and the general base
histidine are located after b-strand 5 and b-strand 8, respective-
ly, the acidic catalytic residue has in some cases been found
after strand b6 instead of after b7.[25] In this work, two variants
were obtained with another topological variation of the cata-
lytic acid, which moved by two or three sequence positions.
The significant activity of mutants D133G/M134L/I135N and
D133A/V136D suggests that loop 133–136 has sufficient plasti-
city to stabilize a productive conformation of the His156 side
chain. In the D133A/V136D mutant, the absence of a large side
chain at position 133 allows an Asp at position 136 to easily
assume a side-chain rotamer conformation that brings it within
hydrogen-bonding distance of the His156 side chain. No major
conformational changes are required, although a slight read-
justment of the His156 side chain to improve its interaction
with Asp136 cannot be excluded. In the D133G/M134L/I135N
mutant, a productive interaction with the His side chain can
also be modeled, although the required conformational
changes are somewhat larger. So far, this positional variation
seems only to occur in LipA; a one-to-all fit[26] with D133A/
V136D as a search model against other a/b hydrolase fold
ACHTUNGTRENNUNGenzymes did not reveal any other enzymes with such a reposi-
tioned catalytic acid as in D133A/V136D.


Both variants have an improved enantioselectivity towards
(S)-(+)-IPG. It is, however, difficult to find a possible molecular
explanation for this improved enantioselectivity. From the 3D
structure of wild-type B. subtilis LipA, it is clear that the active-
site cleft is relatively open, and both IPG enantiomers can be
accommodated equally well.[14] Mutation of residues 133–136
might lead to some adaptation of the His156 side-chain orien-
tation, but the exact effect on the binding of the two IPG en-
antiomers remains hard to assess in the absence of detailed


Figure 2. Model of wild-type LipA compared to mutant D133A/V136D. A) Po-
sitioning of catalytic residues in wild-type LipA. B) Positioning of catalytic
residues in variant D133A/V136D, in which the acid is repositioned.
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structural and dynamic information on the mutants and their
interaction with the IPG enantiomers.


The genetic-selection system as presented here has led to
the successful identification of improved LipA variants. A disad-
vantage of the system could be the required translocation of
the protein to the periplasm of the E. coli auxotroph, which is
required in order to convert the substrate mimic. Theoretically,
this might limit a broad applicability of this method. We have,
however, recently demonstrated that even an intracellular car-
boxyl esterase (CesA) can be translocated to the periplasm
solely by inserting a specific signal sequence.[27] CesA is also
active on IPG-aspartate esters, and thus the same selection
strategy as described here might be applied to CesA as well. In
summary, the presented growth selection system might be
generally applicable in the selection of more enantioselective
hydrolase variants that can be translocated to the periplasmic
space.


In conclusion, a novel bacterial growth system was devel-
oped that is suitable for the enantioselective selection of hy-
drolytic enzymes. The applicability of this strategy was demon-
strated by the selection of lipase variants with an inverted and
improved enantioselectivity. Since this system can be applied
for the enantioselective selection of variants of other hydrolas-
es as well, we believe we have established a strategy that is
generally applicable, and that offers a new perspective for the
evolution of enzyme enantioselectivity.


Experimental Section


Plasmids, bacterial strains and media : E. coli K-12 PA340/T6 (thr-1,
leuB6(Am), fhuA2, lacY1, glnV44(AS), gal-6, l� , gdhA1, hisG1(Fs),
rfbD1, galP63, D(gltB-gltF)500, rps L9, malT1(lR), xylA7, mtl A2,
DargH1, thi-1) was kindly provided by the E. coli Genetic Stock
Center (Yale University, New Haven, USA). E. coli HB2151 (K12 D-
ACHTUNGTRENNUNG(lac-pro), ara, nalr, thi/F’, proAB, laqIq, lacZD-M15) and pCANTAB 5E
were purchased from Pharmacia (Amersham Pharmacia Biotech,
Uppsala, Sweden). 2xTY medium, which contained Bactotrypton
(1.6 % v/w), Bacto yeast extract (1 % v/w) and NaCl (0.5% v/w) was
used. As antibiotic agents ampicillin (100 mg mL�1) and streptomy-
cin (100 mg mL�1; Duchefa Biochemie, Haarlem, The Netherlands)
were used. M8 minimal medium, which contained Na2HPO4·7 H2O
(4 g L


�1), KH2PO4 (15 g L
�1) and NaCl (2.5 g L


�1) was used.


Chemicals : The aspartate and butylphosphonate esters of both
IPG enantiomers were synthesized by Syncom BV (Groningen, The
Netherlands; Scheme 1). Butyrate esters of both IPG enantiomers
were kindly provided by Prof. M. T. Reetz (Max-Planck Institut fPr
Kohlenforschung, MPlheim, Germany). Supplemental amino acids
(Thr, Arg, Leu, His, Asp), thiamine, MgSO4 and CaCl2 were pur-
chased from Sigma–Aldrich.


Construction of the mutant library : The LipA-encoding gene was
cloned into the phagemid pCANTAB 5E, downstream of a modified
g3p signal sequence, as described previously.[17] To introduce a
XbaI restriction site, a silent mutation was introduced at base pair
position 423 of the lipA gene by using LipXbaIFor (Life Technolo-
gies, Paisley, UK): 5’-TTACTTATCTAGATTAGATGGTGCTGA-3’ and
LipXbaIRev: 5’-CTAGCACCATCTAATCTAGATAAGTAA-3’ as primers.
The XbaI restriction site is indicated in bold italics. To construct the
mutant library in the region of residues 132 to 136, the following
primers were used: CanHindFor (Life Technologies, Paisley, UK) 5’-


CCATGATTACGCCAAGCTTTGGAGCC-3’ (HindIII restriction site in
bold italics) and 00B470Rev (Eurogentec, Groningen, The Nether-
lands) 5’-TAATCTAGATAAGTAATTCAT867665765657887ACTGCTGT ACHTUNGTRENNUNGA-
ACHTUNGTRENNUNGAATGGA-3’ (XbaI restriction site in bold italics; 5= 80 % T; 6 =80 %
A; 7 =80 % C; 8= 80 % G; the remaining 20 % is an equal mixture
of the other three bases). Recombinant DNA procedures were car-
ried out as described by Sambrook et al.[28] Plasmid DNA was pre-
pared by using the Qiaspin miniprep kit (Qiagen) and DNA purifi-
ACHTUNGTRENNUNGcation was performed by using the Qiaquick gel extraction kit
(Qiagen). The library was amplified from B. subtilis 168 chromoso-
mal DNA as a template by using Pfu polymerase (Stratagene). The
gene fragment was digested with HindIII and XbaI (New England
Biolabs, Ipswich, MA, USA), and cloned in E. coli TG-1 into the Hin-
dIII and XbaI sites of the pCANTABLip-CH plasmid.[17] The obtained
mutant library was sequenced to assess the mutation ratio. The
LipA variant D133A/V136A was constructed by using QuikchangeR
PCR (Stratagene) with the following primers: LipDAVAFor 5’-CATT-
TACAGCAGTGCCGCAATGATTGCCATGAATTACTTATCCAGA-3’ (Oper-
ACHTUNGTRENNUNGon, Cologne, Germany) and LipDAVARev 5’-TCTGGATAAGTAATT-
CATGGCAATCATTGCGGCACTGCTGTAAATG-3’.


Selection on selective minimal medium : E. coli K-12 PA340/T6
cells were made chemically competent and transformed with
mutant plasmid DNA and wild-type LipA (50 ng).[28] A negative con-
trol was investigated as well. Transformation mixtures were starved
by incubation in 0.9 % NaCl for 2 h at 37 8C, and plated onto selec-
tive M8 minimal medium agar (1.6 %) plates. The medium was sup-
plemented with MgSO4 (1 mm), CaCl2 (0.1 mm), essential amino
acids (Thr, His, Arg, Leu; 20 mg mL�1) and thiamine (1 mg mL�1). The
aspartate ester of (R)-(�)-IPG or (S)-(+)-IPG (1.5 mm) was added to
the agar plates as the sole aspartate source,. To select for enantio-
selective variants, butylphosphonate ester of the undesired IPG en-
antiomer (1.5 mm) was added to the medium as well to eliminate
nonselective variants or variants that were selective for the oppo-
site enantiomer. Approximately 2500 viable E. coli K-12 PA340/T6
cells that contained the mutant plasmids were plated onto each
plate. We used LB, Asp (20 mg mL�1; Sigma) and Min (no aspartate
or esters present) as control plates. Plates were incubated at 30 8C.
Upon appearance 50 colonies were picked, and their periplasmic
fraction was isolated and used in the 1,2-O-isopropylidene-sn-glycol
ester assay as described below. The remaining colonies were har-
vested and plated again onto selective minimal medium with an in-
creased concentration of phosphonate ester (3 mm) for a second
round of selection. For a third round of selection, the phosphonate
ester concentration was increased to 7.5 mm. The plasmid DNA was
isolated from bacteria that express a lipase variant with an inverted
enantioselectivity, and sequenced to examine the ACHTUNGTRENNUNGmutation(s).


Isolation of the periplasmic fraction : E. coli K-12 PA340/T6 was
grown in 50-mL tubes that contained 2xTY medium (10 mL), ampi-
cillin and isopropyl-b-d-galactopyranoside (IPTG, 1 mm). The tubes
were incubated at 37 8C at 250 rpm for 16 h. The OD600 was record-
ed and the cells were harvested and resuspended in Tris–HCl
buffer (10 mm, pH 7.4). After centrifugation, the cells were resus-
pended in buffer (200 mL) that contained Tris–HCl (10 mm, pH 8.0),
25 % (v/w) sucrose, ethylene diamine tetraacetic acid (EDTA, 2 mm)
and lysozyme (0.5 mg mL�1, Sigma–Aldrich). After incubation on ice
for 20 min, buffer (50 mL) that contained Tris–HCl (10 mm, pH 8.0),
20 % (v/w) sucrose and MgCl2 (125 mm) was added. The suspen-
sion was centrifuged and the supernatant that contained the peri-
plasmic fraction was isolated and used as the enzyme solution in
the IPG ester assay. The protein content of this fraction was deter-
mined by using the Bradford assay in triplicate with bovine serum
albumin (BSA) as a standard (Pierce, Rockford, Illinois, USA).
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1,2-O-Isopropylidene-sn-glycerol ester assay : Periplasmic frac-
tions were diluted with 3-(N-morpholino)propanesulfonic acid
(MOPS) buffer (0.07 m, pH 7.5), that contained 0.2 % (v/w) BSA, to a
final volume of 100 mL. References were diluted correspondingly,
but contained no enzyme solution. The esters of IPG (1 mm) were
dissolved in MOPS buffer (10 mL, 0.07 m, pH 7.5), that contained
Tween 80 (14.3 % v/w), and diluted to 50 mL with MOPS buffer.
Substrate solution (500 mL) was added to the enzyme solution and
the final mixture was incubated in a water bath at 32 8C. After 16 h
incubation, a saturated NaCl solution (400 mL) and internal stan-
dard solution (10 mL, racemic hex-3-en-1-ol, 5 mg mL�1 in assay
buffer) were added to the sample solution and the aqueous solu-
tion was extracted twice with ethyl acetate (1 mL). GC analysis was
performed as described by Drçge et al.[29] Enantiomeric excesses,
ee, and the optical purities of the product fractions were calculated
according to Chen et al.[30] All data were expressed as mean � sd.
Enantioselectivities E were calculated by using the program Selec-
tivity (K. Faber, H. Hoenig. http://www.orgc.TUGraz.at). The statisti-
cal significance of the differences in enantiomeric preference was
tested at a significance level of p<0.05 by using a two-tailed
ACHTUNGTRENNUNGStudent’s t-test.


Determination of KM : Because of higher expression levels, E. coli
HB2151 was used in this case for overexpression and was grown
for 16 h at 37 8C in 2xTY medium (1 L) that was supplemented with
ampicillin (100 mg mL�1) and 1 mm IPTG. The periplasmic fraction
was isolated as described above. The total protein content was de-
termined by performing a Bradford assay. To determine the expres-
sion level of LipA and variant D133A/V136D, SDS-PAGE was per-
formed on a 12 % separating and a 3 % stacking gel (Invitrogen,
Groningen, The Netherlands). Molecular mass markers were pur-
chased from Invitrogen. After electrophoresis, proteins were blot-
ted to nitrocellulose and immunostained with a rabbit antiserum
against LipA. Detection of the antibody was performed with horse
radish peroxidise (HRP)-conjugated antibodies against rabbits. To
obtain a KM value, the IPG assay was performed in triplicate. The KM


value for each enantiomer was obtained by fitting the experimen-
tal data from Eadie–Hofstee plots. The mean and sd of three meas-
urements were calculated.


Structural alignment of variant D133A/V136D with other a/b hy-
drolase fold enzymes : In variant D133A/V136D, the position of
the catalytic acid was shifted towards the end of the loop that con-
nects b7 and aE. To examine whether this was a unique feature
within the family of a/b hydrolases, a one-to-all fit was made by
using TOPOFIT.[26] This method analyzed the similarity in protein
structure by using 3D Delaunay triangulation patterns that were
derived from a backbone representation.[31] A structural alignment
of the repositioned catalytic site was made by using the SwissProt
PDB viewer. The structures were superimposed by using the cata-
lytic His residue and the Ca and Cb atoms of the other two catalyt-
ic residues; the final overlay figure was constructed by using
PyMOL version 0.99 (DeLano Scientific, Palo Alto, CA, USA).
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Stereoselective Alkane Hydroxylation and Olefin
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Introduction


Particulate methane monooxygenase (pMMO) is the first
enzyme in the C1 metabolic pathway in methanotrophic bacte-
ria when these microorganisms adapt to habitats enriched in
copper ions (>5–10 mm).[1–3] This multi-copper protein converts
methane into methanol, providing the feedstock utilized in the
C1 pathway.[3,4] As in most other C�H activation enzymes, how-
ever, methane is not the only substrate metabolized by
pMMO. A number of small straight-chain aliphatic alkanes and
alkenes (C2–C5) are also metabolized[5–7] and oxidized to their
corresponding 2-alcohols and oxiranes.


As well as pMMO, certain strains of methanotrophic bacteria
(type II and type X) also produce soluble methane monooxyge-
nase (sMMO) under copper-deficient conditions as an alterna-
tive enzyme to carry out methane oxidation.[3,8] The active site
of the sMMO consists of a diiron core.[9–12] Studies on cryptical-
ly chiral ethanes indicated that the oxidation of substrates
mediated by the diiron core might involve both a concerted
and a radical process. A significant amount of inversion of the
configuration of the chiral sp3 center was observed in these
ACHTUNGTRENNUNGexperiments.[13,14] On the other hand, experiments involving cy-
clopropane-based radical clock substrates suggested that the
reaction was largely concerted.[13,15, 16] Here, reaction mostly
ACHTUNGTRENNUNGoccurred at the primary methyl group of the corresponding
methylcyclopropane,[15,16] although small amounts of rear-
ranged products were also observed. It is possible that the re-


action pathway was branched in the radical clock experiments
as well.[14,15, 17]


The size of the hydrophobic pocket in pMMO would not
allow for the cyclopropane radical clock substrates to be used
as mechanistic probes; these three-membered ring com-
pounds are simply too bulky to enter into the active site of the
enzyme. Workers in the field have therefore had to rely on the
use of isotopically labeled chiral alkanes (including cryptically
chiral ethanes) to ascertain the extent of the racemization of
the sp3 center(s) during the hydroxylation. Total retention of
the configuration of the oxidized chiral center would suggest
the conclusion that the mechanism of hydroxylation is concert-
ed. Indeed, full retention of configuration was observed in the
hydroxylation products when cryptically chiral[1-2H1,1-3H1]-
ACHTUNGTRENNUNGethane[18] and dideuterated d,l-[2-2H1,3-2H1]butane[7] were incu-


pMMO from M. capsulatus ACHTUNGTRENNUNG(Bath) oxidizes straight-chain C1–C5
alkanes and alkenes to form their corresponding 2-alcohols and
epoxides. According to experiments performed with cryptically
chiral ethane and d,l-[2-2H1,3-


2H1]butane, the reactions proceed
through the concerted O-atom insertion mechanism. However,
when propene and but-1-ene are used as epoxidation substrates,
the enantiomeric excesses (ees) of the enzymatic products are
only 18 and 37%, respectively. This relatively poor stereoselectiv-
ity in the enzymatic epoxidation presumably reflects low stereo-
chemical differentiation between the re and si faces in the hydro-
phobic pocket of the active site. Further insights into the reaction
mechanism are now provided by studies on trans-but-2-ene,
which reveal only the d,l-2,3-dimethyloxirane products, and on


cis-but-2-ene, which yield only the meso product. These observa-
tions indicate that the enzymatic epoxidation indeed proceeds
through electrophilic syn addition. To achieve better facial selec-
tivity, we have also used 3,3,3-trifluoroprop-1-ene as the sub-
strate. The products obtained are 90% (2S)-oxirane. When 1,1,1-
trifluoropropane is the substrate, the hydroxylation at the 2-
carbon exhibits an inverse chiral selectivity relative to that seen
with normal butane, if we consider the size of the CF3 group in
the fluorinated propane to be comparable to one of the ethyl
groups in butane. These experiments are beginning to delineate
the factors that influence the orientations of various substrates in
the hydrophobic cavity of the active site in the enzyme.
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bated with cells in which the membrane-bound pMMO was
ACHTUNGTRENNUNGexpressed.


Experiments on alkene epoxidation by pMMO, however,
were ambiguous in terms of whether the O-atom transfer oc-
curred either from the re or from the si faces of the alkenes, or
both. In the cases of propene and but-1-ene, for example, the
epoxidation products exhibited very low enantiomeric excesses
of 18 and 32%, respectively, in favor of the S configuration.[5]


These results left unsettled the question of whether the epoxi-
dation occurred by concerted syn addition across the double
bond, or through O-atom or hydroxyl radical addition to the 2-
carbon, followed by subsequent ring-closure to form the oxir-
ane. In the concerted mechanism, the enantiomeric excess in
the propene product would reflect the different probability of
insertion of the two ends of the olefin into the hydrophobic
pocket, while in the case of but-1-ene it would measure the
relative degrees of presentation of the re and si faces of the
olefin to the attacking O atom. In the stepwise mechanism, the
stereochemical outcome of the epimerization would also
depend on the rotational barrier of the partially oxidized C�C
bond prior to ring-closure.


To address these mechanistic issues further, we have now
employed cis-but-2-ene and trans-but-2-ene as mechanistic
probes of pMMO. Coon and coworkers have previously applied
the same strategy to cytochrome P-450.[19] In addition, we in-
troduce two novel substrates—1,1,1-trifluoropropane and
3,3,3-trifluoroprop-1-ene—to probe the size and shape of the
hydrophobic cavity at the active site of the pMMO. In these
substrates, the terminal saturated carbons of propane and pro-
pene have been replaced by bulkier CF3 groups. We show that
the stereochemical fates of these fluorinated substrates pro-
vide new insights into how the regioselectivity and the induc-
tion of the chiral selectivity is controlled by the interaction of
the individual substrates with the hydrophobic pocket.


Results


The epoxidation of cis- and/or trans-but-2-ene by pMMO


We treated cis- and trans-but-2-ene (1 and 2, Tokyo Chemical
Industrial Co., Ltd. ; Scheme 1) for 2.0 h with the pMMO-en-
riched Methylococcus capsulatus (Bath) cells grown at high
copper concentrations (30–40 mm).[7, 20] Each of the two alkenes
gave rise to a single product according to GC (Agilent 6890)


on a 100 m HP-1 capillary column (100 mF0.25 mmF0.5 mm
film thickness, isothermal 150 8C). The retention times of the
two different signals were at tR =34.2 min (Figure 1D) and


35.0 min (Figure 1E), respectively, and the products were iden-
tified as trans-2,3-dimethyloxirane 4a/4b (d and l enantio-
mers, Figure 1A) and cis-2,3-dimethyloxirane 3 (meso isomer,
Figure 1B) by comparison with authentic standards (Aldrich).
The lack of diastereomeric products formed by the pMMO oxi-
dation revealed that the olefin electrophilic epoxidation must
proceed by a syn addition reaction mechanism.


To characterize the optical activity of the d,l-trans-2,3-di-
ACHTUNGTRENNUNGmethyloxirane formed from trans-but-2-ene in the pMMO-
enriched cells further, we used published methods[21–23]


(Scheme 2) to prepare (2S,3S)-2,3-dimethyloxirane for use as an
authentic standard. Commercially available optically active
threo-(2S,3S)-butane-2,3-diol (5, Aldrich) was used as the start-
ing material and was treated with benzaldehyde and p-tolu-
ACHTUNGTRENNUNGeneACHTUNGTRENNUNGsulfonic acid in a benzene solution under anhydrous condi-
tions to form the corresponding (2S,3S)-4,5-dimethyl-2-phenyl-
1,3-dioxolane (6). This was further treated with N-bromosucci-
nimide (NBS) in carbon tetrachloride to provide the optically


Scheme 1. pMMO-mediated epoxidation of cis- and trans-but-
2-ene.


Figure 1. GC chromatograms A and B were obtained from authentic stand-
ards of (� )-trans-2,3-dimethyloxirane and cis-2,3-dimethyloxirane, respective-
ly. Chromatograms D and E were obtained from the epoxidation products
produced from pMMO with trans-but-2-ene and cis-but-2-ene as substrates.
Chromatogram C was the control obtained when the bacterially mediated
oxidation reaction was carried out in the absence of substrates.


Scheme 2. The synthesis of authentic standards of (2S,3S)-2,3-dimethyloxirane (90%).
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active intermediate, erythro- ACHTUNGTRENNUNG(2S,3R)-3-bromo-2-butyl benzoate
(7) in 69% yield. On removal of the benzoyl group under basic
conditions, the resulting anionic C2 alkoxy group back-at-
tacked at the C3 carbon to form the desired authentic stan-
dard—trans-(2S,3S)-dimethyloxirane (8b)—in 90% ee.


The enantiomeric isomers of d- and l-dimethyloxirane could
be conveniently resolved by gas chromatography on an
ACHTUNGTRENNUNGAgilent 6890 Plus GC instrument fitted with a CHIRALDEX B-TA
column manufactured by Astec Inc. (30 mF0.25 mmF
0.125 mm film thickness, isothermal 30 8C). The retention times
of the authentic standards of (2R,3R)- and (2S,3S)-trans-2,3-di-
methyl oxirane isomers 8a and 8b were seen at tR =14.2 min
and 14.5 min, respectively. The trans-but-2-ene epoxidation
products derived from the pMMO oxidation were similarly ana-
lyzed by GC and also appeared at tR 14.2 min and 14.5 min.
The area integrations of the highlighted peaks intensity were
45�1% and 55�1%, respectively. On the basis of these re-
sults, we estimated an ee ratio of 10�2% in favor of (2S,3S)-di-
methyloxirane formation in the pMMO-catalyzed product, from
the equation ee= (SS�RR)/ ACHTUNGTRENNUNG(SS+RR).


pMMO-mediated epoxidation of 3,3,3-trifluoroprop-1-ene
and hydroxylation of 1,1,1-trifluoropropane


Because of the unique behavior of pMMO toward hydrophobic
substrates, 1,1,1-trifluoropropane (13) and 3,3,3-trifluoroprop-
1-ene (9) turned out to be excellent substrates for the enzyme.
The fluorinated propane and propene were readily converted
into the corresponding 2-alcohol and oxirane derivatives.
3,3,3-Trifluoroprop-1-ene : In order to characterize the enantio-


meric excess determined for the pMMO-derived oxiranes 10a
and 10b, we employed commercially available 3,3,3-trifluoro-
prop-1-ene as the substrate and used (�)-B-chlorodiisopino-
camphenylborane ((�)-DIP-Cl ; Aldrich), developed by H. C.
Brown et al. ,[24] to reduce 1-bromo-3,3,3-trifluoropropan-2-one
(11; Scheme 3) stereoselectively to (R)-(�)-1-bromo-3,3,3-tri-


fluoropropan-2-ol (12) as the major chiral species. After back-
attack from the oxygen anionic species generated by the addi-
tion of sodium hydroxide, we successfully obtained (S)-(trifluor-
omethyl)oxirane (10) as our authentic chiral standard (95% ee).


The subsequent chiral resolution was carried out by gas chro-
matography (Agilent 6890 Plus GC fitted with a CHIRALDEX G-
TA column manufactured by Astec Inc, 30 mF0.25 mmF
0.125 mm film thickness, isothermal 28 8C; Figure 2). The reten-


tion times (tR) of the racemic authentic standards (R)- and (S)-
(trifluoromethyl)oxirane were 2.68 and 2.75 min, respectively.
For the corresponding conversion mediated by pMMO with
3,3,3-trifluoroprop-1-ene as the substrate, the ee was deter-
mined to be 81% in favor of the formation of (S)-(trifluoro-
ACHTUNGTRENNUNGmethyl)oxirane (Scheme 3).
1,1,1-Trifluoropropane : To prepare 1,1,1-trifluoropropane (13 ;


Scheme 4), we carried out a hydrogenation reaction in the


presence of Pd/C catalyst to convert 3,3,3-trifluoroprop-1-ene
(9, Aldrich) into the corresponding trifluorinated alkanes.[6]


The absolute stereochemical identification of the product
1,1,1-trifluoropropan-2-ol obtained from pMMO oxidation was
compared with the authentic standards in the form of the cor-
responding alcohol derivatives of mandelic acids. The 1,1,1-tri-


Scheme 3. The conversion of 3,3,3-trifluoroprop-1-ene to (trifluoromethyl)ox-
irane (81% ee) by pMMO, and the synthesis of authentic standards of (S)-(tri-
fluoromethyl)oxirane (95% ee).


Figure 2. The epoxidation products from M. capsulatus (Bath) cells (grown in
30–40 mm CuSO4) C) in the absence and D) in the presence of 3,3,3-trifluoro-
prop-1-ene. The GC chromatograms A and B are derived from the authentic
standards of (� )- and (S)-(trifluoromethyl)oxirane synthesized by the
method of H. C. Brown et al. ,[24] respectively.


Scheme 4. The synthesis of 1,1,1-trifluoropropane and the conversion of
1,1,1-trifluoropropane into (S)-1,1,1-trifluoropropan-2-ol (33% ee).
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fluoropropan-2-ol standard 14a/14b was synthesized by re-
duction of 1,1,1-trifluoropropan-2-one with LiAlH4. The alcohols
obtained were further derivatized with (R)-2-acetoxy-2-phenyl-
ethanoate in the presence of DCC and catalytic amount of
DMAP. We separated the resultant diastereomers on an Agi-
lent 1100 series HPLC instrument through a Spherical Silica
(10 mm particle size, 10F250 mm column size) normal phase
column (elution buffer: EA/hexanes 10:90). The two racemic
fluorinated alcohols were resolved through the formation of
the diastereomeric derivatives, which appeared separately at
tR =8.2 and 9.1 min and could be fractionally collected for sub-
sequent NMR studies. The results allowed us to verify that the
methyl 1H NMR absorption of the trifluoroisopropyl moiety of
the corresponding mandelic acid derivative at tR =8.2 min was
shifted upfield by 0.17 ppm relative to that of the derivative
collected at tR =9.1 min. The same result was also obtained in
the case of the butan-2-ol mandelic acid derivatives. Here the
methyl group of the (S,R)-butan-2-ol derivative was shifted up-
field by 0.17 ppm relative to that of the (R,R) derivative (data
not shown).[7] From these data, we identified the absolute con-
figuration of the diastereomer at tR =8.2 min as (S,R)-1’,1’,1’-tri-
fluoroisopropyl-2-acetoxy-2-phenylacetic acid and the diaste-
reomer at tR =9.1 min as (R,R)-1’,1’,1’-trifluoroisopropyl-2-
acetoxy-2-phenylacetic acid. Chiral O-acetylmandelic acid has
been extensively used as a chiral anisotropy reagent for the
determination of the absolute configurations of chiral alco-
hols.[25] In the S configuration, the methyl moiety (the criterion
is that the other ligand has priority over the methyl group for
assigning chirality) will be shifted further upfield because of
the shielding effects originating from the proximal phenyl ring.


After the identification of the absolute configurations of the
two components of the racemic 1,1,1-trifluoropropan-2-ol stan-
dard mixture by derivatization, we were now able to measure
the retention times of the corresponding authentic diastereo-
meric isomers by Agilent 6890 GC and HP-5 60 m column chro-
matography (60 mF0.25 mmF0.25 mm film thickness, isother-
mal 110 8C) column chromatography (Agilent 6890 GC and HP-
5, 60 mF0.25 mmF0.25 mm film thickness, isothermal 110 8C).
The retention times for the corresponding (S,R)- and (R,R)-man-
delic acid derivatives are 41.2 min and 40.4 min, respectively.
When the products obtained from oxidation of 1,1,1-trifluoro-
propane (13) by pMMO were analyzed by GC, the ee ratio of
the 1,1,1-trifluoropropan-2-ol products 14a and 14b was 33�
1% in favor of the S configuration.


Finally, the absolute configurations of the products obtained
on oxidation of 1,1,1-trifluoropropane by pMMO were verified
by the synthesis of (S)-1,1,1-trifluoropropan-2-ol from the tri-
fluorinated (S)-oxirane 10 (Scheme 2) by reduction with
LiAlH4.


[25] When the corresponding (S,R)-mandelic acid deriva-
tive (98% abundance) was prepared, the appearance of the GC
signal at a retention time of tR =41.2 min provided further con-
firmation of the stereochemical assignment of the 1,1,1-trifluor-
opropan-2-ol obtained from pMMO oxidation. The co-injection
data are supplied as Supporting Information.


Discussion


The low chiral selectivity of olefinic epoxidation (ee=10�2%;
Table 1) determined for trans-but-2-ene is readily accounted
for in terms of poor discrimination between the si face and the
re face during the “oxene” attack.[1] There was no evidence of
the formation of meso products. When cis-but-2-ene was used
as the substrate, we obtained only the meso-2,3-dimethyloxir-
ane. These outcomes are totally to be expected in light of our
earlier experiments on propene and but-1-ene. Taken together,
these results allow us to conclude beyond reasonable doubt
that the epoxidation reaction within pMMO proceeds by the
syn addition reaction pathway, as would be expected if the
ACHTUNGTRENNUNGhydroxylation of alkanes occurs by the concerted “oxene” addi-
tion across the C�H bond.[5,7,18]


The use of fluorinated substrates as mechanistic probes and
inhibitors has proven to be a powerful method for the study
of enzymatic transformations.[26] In pharmaceutical applica-
tions, the C�F bond is usually considered an effective bioiso-
steric group of either the C�H or C�OH bond. The resem-
blance between fluorine and oxygen in terms of electronega-
tivity and van der Waals radii (4.0 and 1.47 N vs. 3.5 and
1.57 N) makes fluorine a possible hydroxyl group mimic.[27]


Over the years, there have been many examples of enzyme
probes and inhibitors in which a hydrogen has been substitut-
ed with a fluorine atom.[27,28] In fact, in pharmaceutical and
membrane chemistry, perfluorinated substrates or inhibitors
are often chosen to increase lipophilicity and oxygen solubili-
ty.[28,29]


In this work, we have replaced one of the methyl groups of
propane and the single methyl group of propene with the tri-
fluoromethyl group. These two substrates were readily taken
up by pMMO and oxidized. Presumably, the low polarity of the
perfluorohydrocarbon results in weak intermolecular London
dispersive interactions between the fluorinated substrates and
the enzyme.[28] From molecular modeling, the trifluoromethyl
group should be comparable in size to the isopropyl group, so
1,1,1-trifluoropropane should behave like the branched hydro-
carbon 2-methylbutane in terms of its ability to enter the
ACHTUNGTRENNUNGhydrophobic pocket of pMMO. In the alkane series, only n-
butane and n-pentane are accommodated within the active
site, aside from methane, ethane, and propane, so it is quite
astonishing that the 1,1,1-trifluoropropane is oxidized to 1,1,1-
trifluoropropan-2-ol. However, with a 33�1% ee value in favor
of the formation of (S)-1,1,1-trifluoropropan-2-ol, the chiral se-
lectivity for the 1,1,1-trifluoropropane is the opposite of that
previously reported for n-butane. Even more interestingly, not
only is 3,3,3-trifluoroprop-1-ene oxidized by pMMO, but the
chiral selectivity is surprising high, at 81�2% ee (Table 1).


The implication is that the hydrophobic cavity at the active
site within pMMO can still accommodate a CF3 group despite
the congestion encountered. Although the C�F bond is pre-
sumably acting in these substrates as a bioisosteric group of a
C�H bond, there must be a energetic preference in favor of
one orientation of the substrate in the hydrophobic pocket.
The obvious scenario is that the trifluoromethyl substrate is in-
serted into the hydrophobic pocket with the trifluoromethyl
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group located at the open edge. With the substrate embedded
in this manner, steric hindrance could bias the orientation of
the trifluoromethyl hydrocarbon such that the C2-HS is more
favorably directed towards the tricopper cluster at the active
site for hydroxylation of the secondary carbon (Figure 3A).
However, given the snugness of the fit near the open end of
the pocket, when 1,1,1-trifluoropropane is inserted into the
cavity with the fluorocarbon anchored more or less near the
opening of the channel, the substrate might not penetrate
deep enough into the cavity for O-atom transfer from the di-
oxygen-activated tricopper cluster to the secondary carbon of
the fluorocarbon. Hydroxylation of the terminal methyl group
would seem to be more likely under these circumstances, but
we have obtained no evidence for the formation of 3,3,3-tri-
fluoropropan-1-ol, the primary alcohol. The other scenario is
that the 1,1,1-trifluoropropane or 3,3,3-trifluoroprop-1-ene is
accommodated primarily with the bulkier CF3 inserted into the
depth of the cavity near the tricopper cluster, and that the
long axis of the fluorocarbon is preferentially oriented for O-
atom transfer with si facial addition rather than the re facial ad-
dition (Figure 3B). This scenario of 1,1,1-trifluoropropane being
directed into the hydrophobic pocket of the active site would
account for the observed 1,1,1-trifluoropropan-2-ol. In this con-
nection, Dawson and co-workers[30] had previously reported
unusual reactivity of cytochrome P450cam when 5,5-difluoro-
camphor was employed as the substrate. The regioselectivity
of hydroxylation was found to be dramatically changed from
5-exo to C-9, which should be relatively higher in energy rela-
tive to activation of the primary methyl group. The amino acid
residues Phe 87, Tyr96, and Phe98 within the substrate pocket
of cytochrome P450cam seemed to exhibit significant control
over the regioselective C�H activation of the camphor mole-
cule. There is thus precedent for interaction of the trifluoro-
methyl group with aromatic side chains to redirect the orienta-
tion of a substrate within the hydrophobic pocket of the active
site of an enzyme. Indeed, in our molecular modeling studies
on the recent crystal structure of pMMO we have also noted
that the active site of the enzyme consists of a hydrophobic
pocket lined by four aromatic residues: Trp48, Phe50, Trp51,
and Trp54 of the PmoA subunit (vide infra). Additionally, the
size and shape of this hydrophobic cavity seem to control
both the binding of hydrocarbon substrates and the regiose-


lectivity of the oxidation. We thus surmise that the interactions
between the trifluoromethyl group and the aromatic side
chains forming the active site could steer the binding of the
fluoro-hydrocarbon substrate so that the bulkier CF3 becomes
inserted into the depth of the cavity near the tricopper cluster.


In any case, regardless of the mode of insertion for 1,1,1-tri-
fluoropropane or 3,3,3-trifluoroprop-1-ene, the inverse chiral
selectivity observed for the hydroxylation of 1,1,1-trifluoropro-
pane relative to n-butane, and the surprisingly high chiral se-
lectivity observed for the epoxidation of 3,3,3-trifluoroprop-1-
ene, are striking indeed. It is evident that substitution of the
CF3 group for a terminal methyl group in an aliphatic alkane or
alkene can dramatically change the positioning of the sub-
strate in the active site for hydroxylation and epoxidation. In
this manner, interactions of the hydrophobic pocket with the
substrate can dramatically change the nature of the induced
stereoselectivity in the O-atom transfer reaction.


Finally, in order to provide a better structural framework for
the discussion of the experimental observations reported in
this study, we have made an effort to locate the hydrophobic
pocket that might accommodate the various straight-chain hy-
drocarbons oxidized by the enzyme, including 1,1,1-trifluoro-
propane and 3,3,3-trifluoroprop-1-ene, within the protein struc-
ture of pMMO. To this end, we subjected the recently pub-
lished crystal structure to Global Protein Surface Survey (GPSS)
analysis on the GPSS web site (http://gpss.mcsg.anl.gov). The
GPSS PyMOL plugin was applied to the pMMO protein mono-
mer (PDB ID: WS_1YEW1), which was constructed from the
PDB model of 1YEW. The calculations yielded 122 CASTp surfa-
ces, but the most probable site was determined to be the hy-
drophobic pocket previously identified near Site D in the struc-
ture adjacent to the tricopper cluster[31] (Figure 4A). In support
of this outcome of the GPSS analysis, the same binding site
was also predicted by Dockligand (LigandFit) on Discovery
Studio 1.7 manufactured by Accelrys Software, Inc. This puta-
tive hydrophobic pocket is sufficiently long to bind only C1–C5


hydrocarbons, and it is wide enough to accommodate only
straight-chain alkanes or alkenes. The “channel”, which appears
to be more or less closed at one end, is lined by the aromatic
residues Trp48, Phe50, Trp51, and Trp54 of PmoA, the 28 kDa
subunit (Figure 4B). Interestingly, with the hydrocarbon sub-
strate fully inserted into the pocket, the tricopper cluster is di-


Figure 3. Spatial orientations of butane, 2-methylbutane, and 1,1,1-trifluoropropane in the putative hydrophobic pocket of pMMO. The copper atoms of the
active site in pMMO are designated by and the oxygen atoms are designated by .
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rected at the secondary carbon of the substrate at the bottom,
perfectly poised for O-atom transfer to this secondary carbon
when the tricopper cluster is activated by dioxygen. Located at
the open substrate entrance to the pocket is Gly46. It appears
that this open end of the pocket is not flexible enough to
ACHTUNGTRENNUNGaccommodate a trifluoromethyl group or the bulky end of 2-
methylbutane. In any case, our proposed mode of binding of
1,1,1-trifluoropropane or 3,3,3-trifluoroprop-1-ene with the
bulkier CF3 inserted deep in the cavity near the tricopper clus-
ter and away from the opening end of the hydrophobic


pocket is consistent with the observed stereoselectivity of the
O-atom transfer chemistry. The different ability of the hydro-
phobic pocket to accommodate n-butane, 2-methylbutane,
and 1,1,1-trifluoropropane is illustrated schematically in
Figure 3.


Experimental Section


Whole-cell conversions of aliphatic alkanes and alkenes by
pMMO :[7] The growth of pMMO-enriched Methylococus capsulatus
(Bath) followed published procedures.[32] M. capsulatus (Bath) cell
solution (0.5 mL, grown in the presence of 30–40 mm CuSO4) was
added to a Pipes buffer (25 mm, 4.0 mL) containing CuSO4


(100 mm) and sodium formate (3.0 mm, 0.5 mL), and the mixture
was incubated at 42 8C under a gas mixture consisting of air and
compounds 1, 2, 9, or 13 at a composition of 50:50 volume ratio.
After 2.0–6.0 h incubation, the cell mixture was withdrawn
(0.70 mL aliquots) and transferred into 1.5 mL Eppendorf tubes.
Methylene chloride (0.70 mL) was then added to each Eppendorf
tube, and the mixture was spun down with a microcentrifuge at
8000 rpm for 5 min. The organic layer was dried over anhydrous
MgSO4 and filtered through a pad of silica gel. These filtrates were
subsequently used for ascertainment of stereochemistry by com-
parison with authentic standards.


Determination of the optical activities of epoxidation products
of trans-but-2-ene


Preparation of (4S,5S)-4,5-dimethyl-2-phenyl-1,3-dioxolane (6):[23]


Commercial redistilled benzaldehyde (500 mg, 4.7 mmol, 1.2 equiv,
Aldrich) was added to a benzene solution (10 mL) containing trans-
(2S,3S)-butane-2,3-diol (353 mg, 3.9 mmol, 1.0 equiv, Aldrich) to-
gether with a catalytic amount of p-toluenesulfonic acid (ACROS,
Inc.) dissolved in benzene (10 mL). The system was then fitted with
a Dean–Stark water separator apparatus and heated at reflux over-
night. The reaction was quenched by the addition of extra Na2CO3


(5 mg), and the mixture was then fractionated at reduced pressure
to provide (2S,3S)-4,5-dimethyl-2-phenyl-1,3-dioxolane (642 mg,
3.6 mmol, 92% yield). 1H NMR (CDCl3, 400 MHz): d=1.31 (d, J=
5.8 Hz, 2H), 1.37 (d, J=5.8 Hz, 2H), 3.80 (m, 2H), 5.93 (s, 1H), 7.35
(m, 3H) 7.47 ppm (d, J=7.8 Hz, 2H); 13C NMR (CDCl3): d= 16.9,
17.2, 78.6, 80.4, 103, 127, 128, 129, 139 ppm.


Preparation of erythro-(2S,3R)-3-bromo-2-butyl benzoate (7):[21] The
levorotatory dioxolane (510 mg, 2.9 mmol, 1.0 equiv) in carbon tet-
rachloride (1.0 mL) was added dropwise to a solution of N-bromo-
succinimide (NBS, 500 mg, 2.9 mmol, 1.0 equiv, Fluka, Inc.) in
carbon tetrachloride (5 mL), cooled in an ice bath. The mixture was
stirred in the dark for 48 h at room temperature, cooled in an ice
bath, and filtered. Distillation of the residue yielded the corre-
sponding product (516 mg, 2.0 mmol, 69% yield). bp 80–90 8C
(0.15 mmHg); 1H NMR (CDCl3, 400 MHz): d=1.43 (d, J=6.3 Hz, 2H),
1.71 (d, J=6.9 Hz, 2H), 4.32 (m, 1H), 5.16 (m, 1H), 7.42 (t, J=
7.8 Hz, 2H), 7.54 (t, J=7.4 Hz, 1H) , 8.05 ppm (d, J=8.2 Hz, 2H);
13C NMR (CDCl3): d= 16.4, 21.6, 51.6, 73.4, 128, 129, 130, 133,
166 ppm.


Preparation of trans-(2S,3S)-2,3-dimethyloxirane (8):[23] (2S,3R)-2-(3-
Bromobutyl) benzoate (257 mg, 1.0 mmol, 1.0 equiv) was added
under ambient conditions to a solution containing sodium hydrox-
ide (91 mg, 2.3 mmol) in diethylene glycol (1.0 mL) in a 10 mL
round-bottomed flask. The mixture was heated at reflux for 3.0 h
and then cooled in ice bath, and methylene chloride (2.0 mL) was
added. The reaction mixture was then distilled in a 10 mL round-


Figure 4. A) The hydrocarbon binding pocket inferred from Global Protein
Surface Survey analysis of the published crystal structure of the pMMO pro-
tein monomer WS_1YEW1, of 1YEW from the RCSB Protein Data Bank on the
GPSS website (http://gpss.mcsg.anl.gov). The putative hydrophobic pocket
is represented by a CPK model of the aromatic side chains of the residues
lining the cavity. B) The hydrophobic cavity is lined by the aromatic residues
Trp48, Phe50, Trp51, and Trp54 of PmoA, with Gly46 located at the open en-
trance of the pocket. The dimensions of the cavity are just large enough to
accommodate a C1–C5 straight-chain hydrocarbon. A CPK model of the pen-
tane molecule in the hydrophobic cavity as predicted by Dockligand (Li-
gandFit) is shown. The putative tricopper cluster is located in the D site of
the crystal structure[32] just behind the pocket in close proximity. The orien-
tation of the activated tricopper cluster controls the direct insertion of the
harnessed “oxene” towards either the C2�HR or�HS atom of the depicted
pentane.
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bottomed flask fitted with a �70 8C condenser to afford the prod-
uct solution, consisting of trans- ACHTUNGTRENNUNG(2S,3S)-dimethyloxirane in methyl-
ene chloride. The identification and characterization of the synthet-
ic stereoisomer was ascertained by co-injection with authentic
standards of enantiomeric trans-dimethyloxirane (Aldrich). The tR
values of the trans- ACHTUNGTRENNUNG(2R,3R)- and trans- ACHTUNGTRENNUNG(2S,3S)-dimethyloxirane as de-
termined by gas chromatography on a CHIRALDEX B-TA column
(30 8C, isothermal) are 14.20 min and 14.48 min, respectively.


Preparation of the authentic standards of (S)-(�)-(trifluoro-
ACHTUNGTRENNUNGmethyl)oxirane and (� )-(trifluoromethyl)oxirane


Synthesis of (S)-(�)-2-(trifluoromethyl)oxirane (10):[24] The preparation
of chiral (R)-(�)-1-bromo-3,3,3-trifluoropropan-2-ol followed the
procedure developed by H. C. Brown et al.[24] (�)-DIP-Cl (3.60 g,
11 mmol, 1.2 equiv, Aldrich) was placed in a 50 mL round-bot-
tomed flask containing anhydrous ether (15 mL) under nitrogen
gas at room temperature. The mixture was stirred until the solids
were completely dissolved. The reaction temperature was then
lowered to �20 8C, and 1-bromo-3,3,3-trifluoropropan-2-one
(1.80 g, 9.4 mmol, 1.0 equiv, Aldrich) was added to the reaction
mixture. The solution was stirred for another 72 h to allow the re-
action to continue. After the reaction was complete, the mixture
was exposed to the air, and a white precipitation formed. The mix-
ture was then filtered, and the precipitate was washed three times
with diethyl ether. The filtrates were dried over anhydrous MgSO4


and concentrated to afford a light yellow and viscous oil contain-
ing the corresponding alcohols. The mixture was then added drop-
wise at 40 8C to preheated NaOH (50% w/w, 15 mL) in a two-
necked 25 mL round-bottomed flask fitted with a stirrer and short-
path distillation apparatus. While the addition was proceeding, the
reaction temperature was maintained below 65 8C. The formation
of a yellow-orange solid precipitate indicated that the epoxide
products had been formed. We obtained (S)-(trifluoromethyl)oxir-
ane as a colorless liquid (330 mg, 2.9 mmol, 95% ee) in 31% yield
(not optimized) by distillation at 32–42 8C. 1H NMR (CDCl3,
500 MHz): d=2.90 (td, J=3.75 Hz, 1.23 Hz, 1H), 2.96 (dd, J=
4.88 Hz, 2.09 Hz, 1H), 3.40 ppm (m, 1H); 13C NMR (CDCl3, 125 MHz):
d=43.2 (t, J=2.69 Hz), 48.2 (q, J=41.3 Hz), 123 ppm (q, J=
273 Hz); EI-MS m/z (relative intensity): 112 [M]+ (100), 93 (17), 82
(31), 69 (42), 64 (27), 51 (26), 43 (17), 29 (31).


Synthesis of racemic 2-(trifluoromethyl)oxirane (10): 1-Bromo-3,3,3-
trifluoropropan-2-one (500 mg, 2.6 mmol, 1.0 equiv) was added to
dried methanol (5.0 mL). A reaction mixture containing calcium
chloride (290 mg, 2.7 mmol, 1.0 equiv) and sodium borohydride
(200 mg, 5.4 mmol, 2.1 equiv) in tetrahydrofuran (5.0 mL) was then
added to the methanol solution mixture. The reaction mixture was
incubated in an ice-bath for 3 h, and saturated ammonium chloride
solution (5.0 mL) and ethyl acetate (10 mL) were then added. After
30 min, concentrated hydrochloric acid (3–5 mL) was slowly added.
The reaction mixture was extracted twice with ethyl acetate, and
the organic layer was washed with saturated sodium bicarbonate
solution (1 F ), water (1 F ), and brine (1 F ). The washed organic
layer was dried in an oven with magnesium sulfate, and was con-
centrated to yield a crude mixture of 1-bromo-3,3,3-trifluoropro-
pan-2-ols. Treatment of the corresponding alcohols with sodium
hydroxide led to the desired colorless liquid, (� )-(trifluorometh ACHTUNGTRENNUNGyl)-
ACHTUNGTRENNUNGoxirane (133 mg, 1.2 mmol, 46% yield, not optimized). 1H NMR
(CDCl3, 500 MHz): d=2.90 (tt, J=3.78 Hz, 1.18 Hz, 1H), 2.96 (dd, J=
5.02 Hz, 2.19 Hz, 1H), 3.40 ppm (m, 1H); 13C NMR (CDCl3, 125 MHz):
d=43.2 (s), 48.2 (q, J=41.0 Hz), 122 ppm (q, J=273 Hz); EI-MS:
m/z (relative intensity): 112 [M]+ (100), 93 (16), 82 (30), 69 (41), 64
(26), 51 (25), 43 (16), 29 (31).


The synthesis of 1,1,1-trifluoropropane (13):[6] The hydrogenation of
3,3,3-trifluoroprop-1-ene followed the method developed earlier by
D.-H. Huang et al.[6] A pad of palladium on activated carbon (Pd/C)
was placed in a glass tube with two open ends stopped by septa.
Two balloons were connected to the two ends of the Pd/C glass
tube. One of the balloons was filled with hydrogen gas (1 atm),
and the other with 3,3,3-trifluoroprop-1-ene gas (Aldrich). The con-
tents of the two balloons were pushed from one side to the other
through the glass tube three to five times. The completion of hy-
drogenation reaction could be monitored by the heat released
from the Pd/C filled glass tube. While the sizes of the two balloons
had reduced to half of their initial volumes, it indicated that the
ACHTUNGTRENNUNGreaction was finished: 1H NMR (CDCl3, 400 MHz): d=1.09 (t, J=
7.56 Hz, 3H), 2.07 ppm (m, 2H); 13C NMR (CDCl3, 100 MHz): d=6.15
(s), 27.4 (q, J=29.0 Hz), 128 ppm (q, J=275 Hz); EI-MS: m/z (rela-
tive intensity): 98 [M]+ (0.51), 79 (100), 78 (42), 77 (80), 69 (53), 59
(37), 51 (43), 29 (75).


Preparation of authentic standards of 1,1,1-trifluoropropan-2-ol
(14) and trifluorinated propanol mandelic acid derivatives


Synthesis of the authentic standards of 1,1,1-trifluoropropan-2-ol
(14): 1,1,1-Trifluoropropan-2-one (2.50 g, 22 mmol, 1.0 equiv) was
added dropwise under argon to a slurry of lithium aluminum
ACHTUNGTRENNUNGhydride (LiAlH4, 1.10 g, 29 mmol, 1.3 equiv) in anhydrous diethyl
ether (20 mL) in a 250 mL round-bottomed flask in an ice bath.
After 18 h stirring at room temperature, the reaction mixture was
cooled in ice bath again. Deionized water (0.5 mL), sodium hydrox-
ide (10%, 1.0 mL), and deionized water (5.0 mL) were then slowly
added in sequence; 10 min later, the pale color of the precipitate
had changed to white. The resulting suspension was filtered. The
filtrate was dried over anhydrous MgSO4, and was then concentrat-
ed to afford a colorless solution of the desired product (1.37 g,
12 mmol, 55% yield, not optimized.): 1H NMR (CDCl3, 400 MHz): d=
1.30 (d, J=6.6 Hz, 3H), 4.02 ppm (m, 1H); EI-MS: m/z (relative in-
tensity): 113 [M�1]+ (0.72), 99 (19), 79 (18), 69 (15), 51 (16), 47 (17),
45 (100), 43 (20), 29 (13).


Synthesis of the authentic standard of (S)-1,1,1-trifluoropropan-2-ol
(14): By the method of H. C. Brown et al. ,[24] a solution of (S)-oxir-
ane 10 (110 mg, 1.0 mmol, 1.0 equiv) (95% ee) in diethyl ether
(5 mL) was added dropwise under argon to a stirred solution of
LiAlH4 (49 mg, 1.3 mmol, 1.3 equiv) in anhydrous diethyl ether
(5 mL). After 1.5 h stirring at room temperature, the reaction mix-
ture was added dropwise to wet diethyl ether (10 mL), treated
with sodium hydroxide solution (0.1n), and washed with diethyl
ether. The organic layers were collected, dried over anhydrous
MgSO4, and concentrated to afford the alcohol 14 (77 mg,
0.68 mmol) in 68% yield.


Table 1. The hydroxylation and epoxidation products derived from re-
ACHTUNGTRENNUNGactions of a number of substrates with pMMO.


Substrates Products Dominant ee [%]
stereoisomer


cis-but-2-ene cis-2,3-dimethyloxirane n.d.[a] n.d.[a]


trans-but-2-ene ACHTUNGTRENNUNG(2S,3S)-trans-2,3-dimethyl- S,S 10�2
oxirane


1,1,1-trifluoropropane 1,1,1-trifluoropropan-2-ol S 33�1
3,3,3-trifluoroprop-1-ene (trifluoromethyl)oxirane S 81�2


[a] The products here appeared only as meso products.
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Synthesis of the diastereomeric authentic standards of the tri-
fluorinated propanol mandelic acid derivatives :[7] (R)-O-Acetyl-
mandelic acid ((R)-2-acetoxy-2-phenylethanoic acid, 83 mg,
0.43 mmol, 1.0 equiv) and 4-(dimethylamino)pyridine (DMAP,
4.0 mg) were mixed at �40 8C in dichloromethane (2.0 mL) in a
10 mL round-bottomed flask. Over the next 5 min period, a solu-
tion of dicyclohexylcarbodiimide (DCC, 95.8 mg, 0.47 mmol,
1.1 equiv) in methylene chloride (0.50 mL) was added dropwise to
the flask. A white precipitate had resulted after 10 min. A solution
of 1,1,1-trifluoropropan-2-ol (50 mg, 0.43 mmol, 1.0 equiv) in di-
chloromethane (1.0 mL) was then added over a second 5 min
period, and the mixture was stirred overnight at room tempera-
ture. The suspension was filtered through a pad of silica gel and
washed with methylene chloride (5–10 mL). The filtrate was evapo-
rated to near dryness under a dinitrogen stream, and the residue
was suspended in methylene chloride (0.5 to 1.0 mL).


This mixture was further purified by HPLC column chromatography
(Agilent1100 series adapted with Spherical Silica, 10 mm, 250F
10 mm, Silicycle Co.). EA/hexanes 10:90 was used as the elution
buffer, and elution of the products was monitored by the UV ab-
sorption at 270 nm. The retention times of the resolved diastereo-
mers (S,R)-1’,1’,1’-trifluoroisopropyl-2-acetoxy-2-phenylacetic acid
and (R,R)-1’,1’,1’-trifluoroisopropyl-2-acetoxy-2-phenylacetic acid
appeared at 8.2 and 9.1 min, respectively.


ACHTUNGTRENNUNG(S,R)-1’,1’,1’-Trifluoroisopropyl-2-acetoxy-2-phenylacetic acid :
1H NMR (CDCl3, 400 MHz): d=1.24 (d, J=6.52 Hz, 3H), 2.18 (s, 3H),
5.27 (m, 1H), 5.92 (s, 1H), 7.42 ppm (m, 5H); EI-MS: m/z (relative
ACHTUNGTRENNUNGintensity): 290 [M]+ (0.64), 248 (28), 176 (17), 149 (37), 107 (100),
105 (30), 77(25), 43 (63).


ACHTUNGTRENNUNG(R,R)-1’,1’,1’-Trifluoroisopropyl-2-acetoxy-2-phenylacetic acid :
1H NMR (CDCl3, 400 MHz): d=1.41 (d, J=6.56 Hz, 3H), 2.19 (s, 3H),
5.25 (s, 1H), 5.90 (s, 1H), 7.35 ppm (m, 5H); EI-MS m/z (relative in-
tensity): 290 [M]+ (0.64), 248 (28), 176 (17), 149 (36), 107 (100), 105
(31), 77 (25), 43 (63).
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Rational Modification of Ligand-Binding Preference of
Avidin by Circular Permutation and Mutagenesis
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Pirjo Vainiotalo,[c] Mark S. Johnson,[b] Markku S. Kulomaa,[a] and Vesa P. Hytçnen*[a]


Introduction


Avidin is a tetrameric glycoprotein that has four identical sub-
ACHTUNGTRENNUNGunits, each is composed of eight antiparallel b-strands.[1] Avidin
and its prokaryotic analogues streptavidin,[2] bradavidin[3] and
rhizavidin[4] bind d-biotin with extremely high affinity (Kd


�10�15m for avidin). This strong interaction is widely exploited
in so-called avidin–biotin technology.[5,6]


Avidin and streptavidin, have previously been genetically
ACHTUNGTRENNUNGengineered in various ways, and have been recently reviewed
by Kulomaa and associates.[7, 8] Recently, a circular permutation
strategy was used to join the avidin subunits within a single
polypeptide chain by forming both dual-chain avidin (dcAvd)[9]


and single-chain avidin (scAvd),[10] which respectively display
two and four ligand-binding sites, each of which can be inde-
pendently modified to bind different ligands with varying affin-
ities. A dual-affinity avidin has already demonstrated the feasi-
bility of this concept.[11] Streptavidin has also been subjected
to circular permutation[12] and subunit fusion.[13]


When d-biotin is bound to streptavidin, only 18 <2 of the
ligand surface is accessible to a solvent. In a circularly permut-
ed form of streptavidin in which the loop-connecting b-strands
3 and 4 were deleted, the solvent-accessible surface increased
to 57 <2, and the carboxylate group of d-biotin became more
exposed.[12] In avidin, proteinase K cleaves the analogous loop,
and proteinase K-treated avidin has been reported to display
enhanced affinity towards the azo-compound, HABA (4’-hy-
droxyazobenzene-2-carboxylic acid; the structure of HABA is
shown in Figure S4 in the Supporting Information).[14]


Streptavidin has a lower affinity towards HABA (Kd=1.4A
10�4m)[15] than avidin (Kd=6.0A10�6m) ;[16,17] this difference can
at least partially be explained by the fact that the L3,4 loop,
which is known to be important for ligand binding is shorter
in streptavidin than in avidin.[18,19] Accordingly, it has been ob-
served that AVR4, an avidin-related protein,[20,21] also exhibits


lower affinity for HABA compared to avidin, most probably be-
cause AVR4 has a kinked and therefore shorter L3,4 loop.[22]


In the present study, we constructed a novel circularly per-
muted form of avidin, cpAvd4!3, to alter the ligand-binding
preferences of avidin and to increase the potential of avidin to
bind ligands that are larger than biotin. A point mutation,
N118M (numbering according to wt avidin) was introduced
into cpAvd4!3 to increase the affinity for HABA and to
reduce that for biotin. Further, cpAvd4!3 was fused to the
C terminus of cpAvd5!4, another circularly permuted form of
avidin,[9] to create a novel fusion of avidin subunits ; this was
designated dual-chain avidin 2 (dcAvd2) and it possess ad-
vanced structural and functional characteristics.


Avidin and streptavidin are examples of widely used protein
biotools. They are utilised in technologies that range from the
biosciences and medicine to material science.[6,23–25] The ex-
treme affinity for the small biotin ligand and the high stability
of these proteins has encouraged scientists to develop them


Chicken avidin is a key component used in a wide variety of bio-
technological applications. Here we present a circularly permuted
avidin (cpAvd4!3) that lacks the loop between b-strands 3 and
4. Importantly, the deletion of the loop has a positive effect on
the binding of 4’-hydroxyazobenzene-2-carboxylic acid (HABA) to
avidin. To increase the HABA affinity of cpAvd4!3 even further,
we mutated asparagine 118 on the bottom of the ligand-binding
pocket to methionine, which simultaneously caused a significant
drop in biotin-binding affinity. The X-ray structure of cpAvd4!


3ACHTUNGTRENNUNG(N118M) allows an understanding of the effect of mutation to
biotin-binding, whereas isothermal titration calorimetry revealed
that the relative binding affinity of biotin and HABA had changed
by over one billion-fold between wild-type avidin and cpAvd4!
3ACHTUNGTRENNUNG(N118M). To demonstrate the versatility of the cpAvd4!3 con-
struct, we have shown that it is possible to link cpAvd4!3 and
cpAvd5!4 to form the dual-chain avidin called dcAvd2. These
novel avidins might serve as a basis for the further development
of self-organising nanoscale avidin building blocks.
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further to meet the growing needs of bio- and nanotechnolo-
gy.


Results and Discussion


Novel circularly permuted avidins


CpAvd4!3 and dcAvd2 were successfully purified by 2-imino-
biotin, and cpAvd4!3 ACHTUNGTRENNUNG(N118M) was purified by biotin affinity
chromatography. The final products were highly pure and had
the correct size according to SDS-PAGE analysis (Figure 1).


However, in the case of dcAvd2, a significant amount of a
~20 kDa form was observed in addition to the protein of the
expected size (~30 kDa). The smaller polypeptide chain detect-
ed in the dcAvd2 samples was likely due to a proteolytic cleav-
age. A typical yield after purification was ~5 mg of protein per
litre of bacterial culture. Gel filtration chromatography showed
the homogeneity of the purified proteins; all were detected as
single peaks in the analysis (not shown).


The measured molecular masses of the protein forms
(cpAvd4!3, cpAvd4!3ACHTUNGTRENNUNG(N118M) and dcAvd2) produced in
E. coli were 47–56 kDa, which are lower than the theoretical
mass values of the corresponding tetramers (57–58 kDa;
Table 1). However, this is a typical behaviour of avidin, and was
also observed in our previous studies.[11]


Mass spectrometry


ESI FT-ICR mass spectrometry was used to confirm the amino
acid sequence and proper folding of the proteins (mass spec-
tra data not presented). For some unknown reason, dcAvd2
was the only protein that could not be identified by this
method. The most abundant isotopic masses were determined
to be 14685.52�0.07 Da for Avd ACHTUNGTRENNUNG(N118M), 14285.24�0.01 Da
for cpAvd4!3 and 14302.18�0.03 Da for cpAvd4!3 ACHTUNGTRENNUNG(N118M).
The determined mass of AvdACHTUNGTRENNUNG(N118M) was as expected (calcd
14685.50 Da), but the masses of both cpAvd4!3 and
cpAvd4!3 ACHTUNGTRENNUNG(N118M) were about 14 Da higher than the expect-
ed calculated values of 14271.18 and 14288.17 Da, respective-
ly. This result would suggest that protein methylation (theor.
+14.016 Da) had occurred.


When the disulfide bridges were reduced, the most abun-
dant isotopic masses of the proteins increased by two Daltons
as expected; this indicates proper folding. This further sup-
ports the hypothesis that the mass shift of ~14 Da could be a
result of methylation. Post-translational protein methylation is
a common amino acid modification known to occur at the side
chains of many amino acids.[26] We have further identified and
localised post-translational methylation in cpAvd4!3 ACHTUNGTRENNUNG(N118M)
by using on-line digestion combined with ESI FT-ICR tandem
mass spectrometry (J	nis, J. et al. , unpublished results). A
single methylation site in one of the serine residues in
cpAvd4!3 ACHTUNGTRENNUNG(N118M) was unambiguously observed; this re-
vealed a previously unknown protein modification.


Deletion of critical residues in the L3,4 loop by circular
ACHTUNGTRENNUNGpermutation reduces biotin affinity


The biotin-binding properties of the engineered avidins were
studied by measuring the dissociation of fluorescent biotin
conjugate BF-560-biotin. At 25 8C, cpAvd4!3 showed an
eight-fold higher dissociation rate compared to wt avidin. In
comparison, dcAvd2, which has dissimilar subunit pairs
showed a three-fold-increased dissociation rate compared to
avidin.


Half of the binding sites were assumed to behave as in wt
avidin (in dcAvd2 the circularly permuted subunit cpAvd5!4
should, according to our knowledge, have wt-like biotin-bind-
ing properties),[9] thus a four-fold-increased dissociation rate
was attributed to the cpAvd4!3 subunit of dcAvd2.


At 50 8C, cpAvd4!3 showed the highest dissociation rate
for biotin, evincing about 20-fold weaker binding compared to


Figure 1. Western blot and SDS-PAGE-based thermal stability assay. A) West-
ACHTUNGTRENNUNGern blot analysis of the purified proteins, avidin, avidin ACHTUNGTRENNUNG(N118M) mutant,
cpAvd4!3, cpAvd4!3 ACHTUNGTRENNUNG(N118M), dcAvd2 and a molecular weight marker.
B) Thermal stability assay of cpAvd4!3 protein at temperatures of 50, 55,
60, 65 8C and a molecular-weight marker. The loss of the quaternary struc-
ture of cpAvd4!3 was observed at 55 8C.


Table 1. Oligomeric size of the proteins.[a]


Protein Elution time[b] MW (kDa)
�BTN +BTN �BTN +BTN


avidin 28.23 27.97 52.9 56.1
cpAvd4!3 29.03 28.78 44.3 46.9
cpAvd4!3ACHTUNGTRENNUNG(N118M) 28.69 28.70 47.8 47.7
dcAvd2 27.91 27.95 56.8 56.3


[a] The apparent molecular weights (MW) obtained by gel filtration analy-
sis are indicated. [b] Elution time in minutes.
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avidin. DcAvd2 had an about five-fold faster dissociation rate
compared to avidin. When the data were analysed as de-
scribed above, after subtracting the contribution due to the
wt-like subunit, the dissociation rate of biotin from the
cpAvd4!3 subunit of dcAvd2 was found to be about ten
times faster than avidin (Table 2).


The dissociation rate of d-[8,9-3H]biotin from the protein
samples was measured at different temperatures (Figure 2).
Avidin had the slowest dissociation rate of d-[8,9-3H]biotin over


the entire temperature range analysed, and as assumed,
dcAvd2 had a slower dissociation rate for biotin than
cpAvd4!3.


The affinity of avidin for biotin was too tight to be measured
by isothermal titration calorimetry (ITC), but the binding con-
stant (Kb) and dissociation constant (Kd=1/Kb) could be solved
for the modified avidins (Figure 3). If the wild-type binding site
(cpAvd5!4) of dcAvd2 is assumed to bind biotin with femto-
molar (10�15m ; wt-like) affinity, the biotin affinity of the other
circularly permuted binding site (cpAvd4!3) can be directly
determined from the data. The cpAvd4!3 subunit in fusion
with cpAvd5!4 of dcAvd2 seemed to have a slightly higher


affinity for biotin than the tetrameric cpAvd4!3. Moreover,
the N118M point mutation reduces the biotin-binding affinity
of the cpAvd4!3 protein by about five-fold (Table 3).


Novel circularly permuted avidin has altered thermodynam-
ics and increased affinity for HABA


Our ITC experiment revealed that avidin binds HABA with
moderate affinity (Kd=7.9A10�6m), which is in good agree-
ment with the previously published result of Kd=6A10�6m


(Green 1975), whereas its bacterial analogue, streptavidin has a
weaker HABA-binding affinity (Kd=1.4A10�4m).[15] The different
HABA-binding affinities of avidin and streptavidin are thought
to result from the varying architecture of the L3,4 loop, that is,
its conformation and primary structure, as was also noted in
the case of AVR4.[22] Our working hypothesis was that by delet-
ing the L3,4 loop from wt avidin by using a circular permuta-
tion strategy, the HABA-binding affinity of avidin could be in-
creased. This was tested by measuring the HABA-binding affini-
ties of cpAvd4!3 and wt avidin by using ITC. It emerged that
the cpAvd4!3 construct had indeed stronger affinity to HABA
(Kd=5.4A10�6m) than wt avidin (Kd=7.9A10�6m).


The reaction between avidin and biotin is strongly exother-
mic (DH=�23.0�0.2 kcalmol�1). In contrast, that between
HABA and avidin is endothermic (DH=1.9�0.03 kcalmol�1),
and thus the moderate binding affinity is entropy driven. Our
ITC analysis showed the interaction of HABA with AvdACHTUNGTRENNUNG(N118M),
cpAvd4!3 or cpAvd4!3ACHTUNGTRENNUNG(N118M) to be exothermic. The most
markedly exothermic reaction with HABA was measured for
cpAvd4!3 ACHTUNGTRENNUNG(N118M), which has about six-fold more favourable
enthalpy than Avd ACHTUNGTRENNUNG(N118M) and one and a half-fold more fa-
vourable enthalpy than cpAvd4!3 (Table 3). The calculated
entropy term was found to be beneficial for binding in every
HABA-binding reaction that was analysed here.


A problem arises in calorimetric measurements in that the
wt-biotin-binding site of dcAvd2, that is, the cpAvd5!4 sub-
ACHTUNGTRENNUNGunit, binds HABA in an endothermic manner, whereas the
cpAvd4!3 subunit binds HABA in an exothermic manner.
Since it is possible to see only the sum of the energies, the net
sum of the observed heat of the binding reaction for dcAvd2
was almost zero (Figure 4) and therefore the affinity of the two
different kinds of binding sites of dcAvd2 to HABA could not
be determined.


Mutation N118M increases HABA binding and reduces the
biotin-binding affinity of avidin


The mutation N118M was designed based on the known X-ray
structures of the avidin–biotin (PDB code: 2AVI)[1] and avidin–
HABA complexes.[19] In the structure of the avidin–biotin com-
plex, the side chain of Asn118 is hydrogen bonded to biotin
(Figure 6A), whereas in the avidin–HABA structure there is no
significant interaction between the side chain of Asn118 of the
avidin and HABA (Figure 6B). Therefore, a mutation at Asn118
which eliminates the hydrogen bond should lead to a decrease
in the biotin-binding affinity of avidin. Methionine was chosen
to replace asparagine, because its long and flexible side chain


Table 2. Dissociation analysis of fluorescent biotin.


Protein kdiss [10
�5 s�1m


�1] Release [%]
at 25 8C at 50 8C at 25 8C at 50 8C


avidin 2.3[a] 27.4[b] 14.1[a] 71.5
avidinACHTUNGTRENNUNG(N118M) >300[e]


cpAvd4!3 18.7 449.9[c] 46.8
cpAvd4!3ACHTUNGTRENNUNG(N118M) >300[e]


dcAvd2 5.3/7.81[d] 135.3[c]/200[d] 17.7 71.0
dcAvd 1.5 41 6.0 77.9


[a] Ref. [27] . [b] Ref. [28] . [c] Determined during the first 500 s of the mea-
surement. [d] Half of the binding sites were assumed to behave like wt
avidin. The fitting was performed only for the first 500 s. [e] The dissocia-
tion rate was already too fast to be measured accurately at 10 8C.


Figure 2. Radiobiotin assay. Dissociation rate constants that were deter-
mined by using d-[8,9-3H]biotin at various temperatures are shown.
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was assumed to constitute steric hindrance for biotin. Also,
preliminary experiments between different kinds of mutations
that were made by Paldanius et al. (unpublished results) re-
vealed that methionine caused the largest changes in both


biotin and HABA binding. Indeed, when using ITC, a significant
decrease in the biotin binding affinity of avidin was observed
for an AvdACHTUNGTRENNUNG(N118M) mutant. As a result of the N118M mutation,
the extremely strong femtomolar biotin-dissociation constant


Figure 3. ITC diagrams. A) Avidin; B) AvdACHTUNGTRENNUNG(N118M); C) cpAvd4!3; D) cpAvd4!3 ACHTUNGTRENNUNG(N118M); E) dcAvd2. Biotin titrations are shown on the left, and HABA titra-
tions are shown on the right panel. All measurements were made at 25 8C.
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of wt avidin[29] was reduced to a nanomolar value (Kd=4.17A
10�9m). Furthermore, the enthalpy of the AvdACHTUNGTRENNUNG(N118M)–biotin
binding (DH=�16.4�0.1 kcalmol�1) was only two-thirds that
of the Avd–biotin binding (DH=�23.0�0.2 kcalmol�1;
Table 3). The point mutation N118M seemed to have a clear
effect on the biotin dissociation rate: Avd ACHTUNGTRENNUNG(N118M) has a d-[8,9-
3H]biotin dissociation rate several orders of magnitude higher
than that of wt avidin (Figure 2). The N118M mutation was also
introduced into the cpAvd4!3 construct (cpAvd4!3 ACHTUNGTRENNUNG(N118M)).
It had, in turn, a very fast dissociation rate (kdiss�4A10�3 s�1)
even at a low temperature of 10 8C. The corresponding dissoci-
ation rate of avidin would be about 10�8 s�1 if extrapolated
from the measured data (Figure 2). At higher temperatures,
the dissociation rate of cpAvd4!3 ACHTUNGTRENNUNG(N118M) for biotin was too
fast to be determined accurately (Figure 2).


In contrast to biotin, HABA has been observed to bind to
AvdACHTUNGTRENNUNG(N118M) slightly more
strongly than to wt avidin: anal-
ysis by using fluorescence spec-
trometry (Figure S1) showed an
apparent Kd=6.3A10�6m for the
avidin–HABA complex and a
Kd=0.6A10�6m for Avd ACHTUNGTRENNUNG(N118M)–
HABA. Our ITC measurements
were in agreement with these
results ; the HABA-binding affini-
ty was almost the same for both
AvdACHTUNGTRENNUNG(N118M) (Kd=5.2A10�6m)
and cpAvd4!3 (Kd=5.4A
10�6m), that is, both have higher
affinity for HABA than wt avidin
(Kd=7.9A10�6m ; Table 3).


Similarly to the result of muta-
tion in the case of wt avidin, the
N118M mutation in cpAvd4!3
exerted the following effects:
1) it reduced the affinity to
biotin by about 16-fold and 2) it
increased the affinity to HABA
by about fivefold compared to
cpAvd4!3. Thus, of all the
avidin forms that have been ex-
amined to date, the cpAvd4!
3 ACHTUNGTRENNUNG(N118M) construct has the
highest affinity for HABA (Kd=


1.0A10�6m ; Table 3).
These results were further


confirmed by using a spectro-
metric method.[16] Scatchard
analysis of the data, which was
measured by UV/Vis spectrosco-
py showed Kd= (6.2�0.2) mm for
avidin–HABA, Kd= (2.1�0.6) mm


for AvdACHTUNGTRENNUNG(N118M)–HABA and Kd=


(1.9�0.5) mm for cpAvd4!
3 ACHTUNGTRENNUNG(N118M)–HABA. Representative
data are shown in Figure S2.


Table 3. Thermodynamic analysis of ligand binding by using ITC.


Protein DH �TDS DG Kd


[kcalmol�1] [kcalmol�1] [kcalmol�1] [m]


BTN
avidin �23.0�0.2 4.4[b] �18.6[b] 1.3A10�15 [a]


avidinACHTUNGTRENNUNG(N118M) �16.4�0.1 5.0 �11.4 ACHTUNGTRENNUNG(4.2�0.2)A10�9


cpAvd4!3 �17.6�0.1 7.2 �10.4 ACHTUNGTRENNUNG(1.4�0.3)A10�8


cpAvd4!3-
ACHTUNGTRENNUNG(N118M)


�8.3�0.1 �0.7 �9.0 ACHTUNGTRENNUNG(2.4�0.4)A10�7


HABA
Avidin 1.9�0.03 �8.8 �7.0 ACHTUNGTRENNUNG(7.9�0.1)A10�6


avidinACHTUNGTRENNUNG(N118M) �0.8�0.02 �6.4 �7.2 ACHTUNGTRENNUNG(5.2�0.5)A10�6


cpAvd4!3 �3.5�0.06 �3.6 �7.1 ACHTUNGTRENNUNG(5.4�0.7)A10�6


cpAvd4!3-
ACHTUNGTRENNUNG(N118M)


�5.1�0.05 �3.0 �8.1 ACHTUNGTRENNUNG(1.0�0.2)A10�6


[a] Ref. [29] . [b] Calculated from the Kd value.


Figure 4. The ligand-binding sites of dcAvd2. A modelled structure of dcAvd2 with two different kinds of binding
sites is presented. The cpAvd5!4 (blue) of dcAvd2 has a wt-like binding site. It binds biotin with tight affinity
(Kd�10�15m) and HABA with moderate affinity (Kd�10�6m). The cpAvd4!3 subunit (green) of dcAvd2 lacks the
L3,4 loop (pink) and binds both HABA and biotin with moderate affinity. The new N and C termini of cpAvd4!3
and cpAvd5!4 are marked with blue and red dots, respectively. Diagrams represent thermodynamic values that
were obtained from ITC measurements—Gibbs free energy (DG, black bar), enthalpy (DH, red bar) and the entro-
py term in the measurement temperature (�TDS, grey bar). DcAvd2–HABA diagram shows the combined energies
of both cpAvd5!4 and cpAvd4!3–HABA binding events. The structural model was prepared by manually delet-
ing the L3,4 loop from two of subunits from the X-ray structure of avidin (PDB code: 2AVI). The linker that con-
nects cpAvd4!3 and cpAvd5!4 in dcAvd2 is shown schematically with black dots.
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Overall X-ray structure of cpAvd4!3 ACHTUNGTRENNUNG(N118M)


The crystal structure of cpAvd4!3 ACHTUNGTRENNUNG(N118M) in com-
plex with d-biotin was determined at 1.9 < resolu-
tion. The structure determination statistics are sum-
marised in Table 4. Judging from the 3D structure,


the circular permutation strategy had not affected
the folding of cpAvd4!3ACHTUNGTRENNUNG(N118M). The overall struc-
ture of cpAvd4!3ACHTUNGTRENNUNG(N118M) was tetrameric and highly
similar to that of chicken avidin[1] and bacterial strep-
tavidin.[18,30] However, in each of the four b-barrel
monomers of cpAvd4!3 ACHTUNGTRENNUNG(N118M), the biotin-binding
pocket was less deeply buried and much more
ACHTUNGTRENNUNGexposed to solvent in comparison to wt avidin.[1,31]


This is due to the lack of residues 39–44 of the L3,4
loop (numbering according to wt avidin[1]) in the
cpAvd4!3 construct, and the artificial locations of
the N and C termini (Figure 5). In fact, the biotin-
binding pocket of cpAvd4!3 ACHTUNGTRENNUNG(N118M) was even
more open than the biotin-binding site of streptavi-
din.[30] The average solvent-accessible surface area of
the bound biotin molecules in the avidin–biotin (PDB
code: 2AVI), streptavidin–biotin (PDB code: 1MK5)
and cpAvd4!3 ACHTUNGTRENNUNG(N118M)–biotin complexes were cal-
culated to be 7, 18 and 22 <2, respectively.


The Ca atoms of the four subunits of cpAvd4!
3 ACHTUNGTRENNUNG(N118M) were superimposed (subunits B, C and D


Table 4. Data collection and structure determination statistics
for cpAvd4!3ACHTUNGTRENNUNG(N118M).


Data Collection[a]


wavelength [<] 0.900
beamline ID29 (ESRF)
detector ADSC
resolution [<] 25–1.9 (2.0–1.9)
unique observations 36425 (5172)
I/s 12.3 (3.2)
Rfactor [%][b] 7.8 (48.2)
completeness 99.8 (99.9)
redundancy 4.9 (5.0)


Refinement
space group P21


unit cell :
a, b, c [<] 41.8, 79.3, 71.7
a, b, g [8] 90, 98.7, 90


monomers (asymmetric unit) 4
resolution [<] 25–1.9
Rwork [%][c] 20.3
Rfree [%][c] 25.1
protein atoms 3556
heterogen atoms 64
solvent atoms 172
rmsd:


bond lengths [<] 0.013
bond angles [8] 1.6


[a] The numbers in parenthesis refer to the highest resolution
bin. [b] Observed R factor from XDS.[33] [c] From Refmac 5 (TLS
and restrain refinement).[34]


Figure 5. Structural characteristics of cpAvd4!3 ACHTUNGTRENNUNG(N118M). A) Stereo view of the biotin-
binding site of cpAvd4!3 ACHTUNGTRENNUNG(N118M). Selected residues at the biotin-binding site of
cpAvd4!3ACHTUNGTRENNUNG(N118M) (chain C, orange; chain D, blue) and avidin–biotin complex structure
(PDB code 2AVI; chain A; green) are shown as stick models. Only the side-chain atoms
are shown. The amino acids are numbered according to ref. [1] . Bound biotin (BTN) li-
gands are shown as sticks. The labels for residues N12 and F72, which have clearly differ-
ent conformations in chains C and D of cpAvd4!3ACHTUNGTRENNUNG(N118M), as well as the N118M muta-
tion and the C-terminal residue (T38) of cpAvd4!3 are boxed and have a yellow back-
ground. A part of the L3,4-loop of avidin that extends from T38 and is not present in
cpAvd4!3ACHTUNGTRENNUNG(N118M) is drawn as a grey ribbon. B) structure of cpAvd4!3ACHTUNGTRENNUNG(N118M) that
shows the secondary structural elements (ribbon model) and connecting loops. The sub-
units are numbered according to ref. [1] . C) Molecular surface of cpAvd4!3 ACHTUNGTRENNUNG(N118M);
D) avidin–biotin complex (PDB code 2AVI) ; and E) streptavidin–biotin complex (PDB
code: 1MK5). The surfaces are coloured blue except for areas that correspond to atoms
6 < from the C10 atom (named according to ref. [32]) of biotin. These atoms are coloured
yellow to pinpoint the entrances to the biotin-binding sites. The bound biotin molecules
are shown as spheres (oxygen atoms, red; carbon atoms, white; nitrogen atoms, blue;
sulfur atoms, yellow).
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on A) with an rmsd (root mean squared deviation) of 0.3 <.
Only slight variations were detected in the fine architecture of
the different chains, mainly within the loop regions, and these
were probably caused by crystal packing effects. Out of the
130 residues that comprise cpAvd4!3 ACHTUNGTRENNUNG(N118M), residues 1–3
(chains A, C, D), 45–47 (A), 81 (A, C) and 82–95 (A–D) could not
be included in the final X-ray model due to the lack of inter-
pretable electron density around these residues (high thermal
motion). Residues 82–95 correspond to a linker region, which
was introduced to connect the N and C termini of wt avidin in
forming the cpAvd4!3 ACHTUNGTRENNUNG(N118M) construct. In addition, the sub-
unit interfaces seen in cpAvd4!3 ACHTUNGTRENNUNG(N118M) were highly similar
to those present in wt avidin.


The biotin-binding site


All four subunits of cpAvd4!3 ACHTUNGTRENNUNG(N118M) had biotin bound at
the ligand-binding site. However, the electron density around
the ligand of subunit C (BTN-C) was clearly weaker (data not
shown), and the B-factors for the ligand were higher in com-
parison to biotin of the other subunits; this indicates the
higher thermal motion and conformational flexibility of BTN-C.
Phe72 at the biotin-binding site of subunit C of cpAvd4!
3 ACHTUNGTRENNUNG(N118M) also exhibited a conformation that was different
from that seen in the other subunits; this further indicates the
lower occupancy of BTN-C at subunit C. Compared to wt
avidin (PDB code: 2AVI)[1] and streptavidin (PDB code:
1MK5),[30] the overall biotin-binding mode of each subunit of
cpAvd4!3 ACHTUNGTRENNUNG(N118M), as well as the conformations of the bound
biotin were well conserved (Figure 5).


The hydrophobic side chain of Met118 of cpAvd4!
3 ACHTUNGTRENNUNG(N118M) did, as expected, lead to different interactions with
biotin in comparison to wt avidin. The hydrogen bonds seen
in the avidin–biotin complex structure[1] between the side
chains of Asn12 and Asn118 of the protein, and the oxygen
(O2’) and the nitrogen (N3’) atom of the ureido ring of biotin,
respectively (naming according to DeTitta et al.)[32] were substi-
tuted either partially or completely by weak (multi)polar and
van der Waals interactions in the cpAvd4!3 ACHTUNGTRENNUNG(N118M) structure


(Figure 6). In the ligand-binding sites of subunits A–C of
cpAvd4!3 ACHTUNGTRENNUNG(N118M) (see, for example, subunit B in Figure 6C),
a weak hydrogen bond between the O2’ atom of biotin and
the side-chain nitrogen atom of Asn12 might exist as in the wt
avidin structure (Figure 6A), but in subunit D the hydrogen
bond was missing (Figure 6D). Moreover, the hydrophobic side
chain of Met118 could not form a strong hydrogen bond with
the N3’ atom of biotin in any of the subunits of cpAvd4!
3 ACHTUNGTRENNUNG(N118M). This interaction is known to be important for biotin
binding in wt avidin, where the Asn118 side chain is hydrogen-
bonded to N3’.[1] In addition, the lack of the L3,4 loop residues
Ala39 and Thr40 of wt avidin at the biotin-binding site of
cpAvd4!3 ACHTUNGTRENNUNG(N118M) made the site clearly more accessible to
solvent (see above; Figure 5C–E), while the biotin-binding
mode was nonetheless very similar to that in both streptavidin
and wt avidin (Figure 5A). Some rearrangement of water mole-
cules due to the deletion of the L3,4 loop and the artificial C
terminus was, however, detectable in the X-ray structure of
cpAvd4!3 ACHTUNGTRENNUNG(N118M). For example, in chains C and D only, a
water molecule was seen between the C-terminal threonine
residue and the carboxylic acid group of biotin in the
cpAvd4!3 ACHTUNGTRENNUNG(N118M) structure.


Thermal stability of the novel proteins


The thermostability of cpAvd4!3, cpAvd4!3 ACHTUNGTRENNUNG(N118M) and
dcAvd2 (Table 5) was analysed by SDS-PAGE.[35] Tetramers of


Figure 6. Mutation N118M. The putative hydrogen bonding of amino acid residues N12 and N118 with biotin (BTN; in A, C–E) or HABA (in B) are illustrated
with dotted lines. A) avidin–biotin complex (chain A; PDB code 2AVI) ; B) avidin–HABA complex;[19] C) subunit B of cpAvd4!3 ACHTUNGTRENNUNG(N118M); and D) subunit D of
cpAvd4!3ACHTUNGTRENNUNG(N118M). Only the side-chain atoms of residues N12 and N118, or a portion of the BTN and HABA structures near these residues, are shown as
sticks (C, grey; N, blue; O, red; S, yellow). E) 2Fo�Fc electron density map (blue) that was calculated in the absence of biotin and contoured at 1s around the
residues shown in D is drawn.


Table 5. Thermal stability of the proteins.[a]


Protein Tr [8C] �BTN Tr [8C] +BTN


avidin 60 95
cpAvd4!3 55 75
cpAvd4!3ACHTUNGTRENNUNG(N118M) 50 75
dcAvd2 55 80


[a] Transition midpoint temperatures (Tr) of the oligomeric disassembly
measured by an SDS-PAGE-based method are shown in the presence
ACHTUNGTRENNUNG(+BTN) and absence (�BTN) of biotin.
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cpAvd4!3 without biotin were found to breakdown into sub-
units at 55 8C, and in the presence of biotin, at 75 8C. Similarly,
cpAvd4!3 ACHTUNGTRENNUNG(N118M) lost its quaternary structure at 50 8C with-
out biotin, and at 75 8C with biotin. dcAvd2, in turn, was found
to breakdown into subunits at less than 60 8C, and with biotin
the breakdown temperature was found to be between 75 and
80 8C. By comparison, wt avidin breaks down in the presence
and absence of biotin at 95 and 60 8C, respectively (Table 5).


Conclusions


Since the cloning of the genes, numerous modified (strept)avi-
dins have been reported in which the pI, glycosylation, stability
and the ligand binding of these proteins has been altered, as
has been recently reviewed by Kulomaa and associates.[7] How-
ever, two relatively recent innovations have had a major
impact on the engineering of (strept)avidin beyond the origi-
nal products. First, the creation of circularly permuted forms
has made it possible to create mutant proteins that possess
new N and C termini at artificial locations. A circular permuta-
tion was originally observed in nature, and has been reviewed
by Grishin,[36] but was also applied to streptavidin[12] and
avidin.[9] Second, the introduction of the dual-chain methodol-
ogy[9] that is based on circular permutation has made it possi-
ble to produce rational designs, and to generate chimeric
ACHTUNGTRENNUNGavidins and, more recently, streptavidins.[13]


In this study, our working hypothesis was that removal of
the L3,4 loop that is located between b-strands 3 and 4 of wt
avidin would alter its ligand-binding preferences, that is, it
would reduce the affinity for biotin and increase the affinity for
HABA. This hypothesis was made based on results from Ellison
and colleagues[14] and comparisons of several crystallographic
structures of (strept)avidin. Furthermore, we sought to apply
the recently introduced dual-chain technology to generate chi-
meric avidins that would have a wt-like ligand-binding site and
a binding site that lacks the L3,4 loop.


Our topologically novel cpAvd4!3 construct was created as
follows: 1) six amino acids, residues 39–44 of the original L3,4
loop of wt avidin, were deleted; 2) the original N and C termini
of wt avidin were connected with a Gly-Gly-Ser-Gly-Gly-Ser
(GGSGGS) linker and 3) novel N and C termini were intro-
duced—the translation of cpAvd4!3 starts before the b4-
strand and stops after the b3-strand. The protein was success-
fully produced in E. coli, and spectroscopic analyses showed
that the affinity for HABA was increased in comparison to the
wt protein, albeit only a little. In order to improve the HABA-
binding properties of cpAvd4!3, we introduced, based on the
X-ray structures of the avidin–biotin and avidin–HABA com-
plexes, a point mutation at the bottom of the ligand-binding
site. This mutation changed the polar side chain of asparagine
(Asn118) to the hydrophobic side chain of methionine, thus it
directly modulates the physicochemical properties of the bind-
ing site. In the X-ray structure of cpAvd4!3 ACHTUNGTRENNUNG(N118M) (Figure 6),
it can be seen that, depending on the conformation of
Met118, either one or two hydrogen bonds are eliminated.
This is in good agreement with our thermodynamic measure-
ments (see below).


Loss of the hydrogen bond between the ureido nitrogen
and streptavidin reduces the biotin-binding free energy by ap-
proximately 4.3 kcalmol�1.[30] Although the free energy of a hy-
drogen bond can vary over �0.2 to �40 kcalmol�1, as calculat-
ed and reviewed by Stainer,[37] the hydrogen bonds in avidin–
biotin binding are thought to represent strong bonds with a
free energy of about 4 kcalmol�1. Due to the lack of the amino
acid residues Ala39 and Thr40, which form hydrogen bonds
with the carboxylic tail of biotin,[38] cpAvd4!3 has two hydro-
gen bonds less than wt avidin. The observed decrease in free
energy (DDG=8.2 kcalmol�1) can be satisfactorily explained by
the loss of these hydrogen bonds. Our thermodynamic meas-
urements revealed that the difference in Gibb’s free energy
(DDG) between wt avidin and Avd ACHTUNGTRENNUNG(N118M) was 7.2 kcalmol�1;
this indicates that the N118M mutation affected more than
one hydrogen bond, or alternatively, the bond is co-operative
as in streptavidin.[30] Indeed, the bond between biotin and the
Asn12 side chain was found to be disturbed due to the muta-
tion of N118M (Figure 6). These results could suggest that
cpAvd4!3 ACHTUNGTRENNUNG(N118M) has significantly lower affinity for biotin in
comparison to either Avd ACHTUNGTRENNUNG(N118M) or cpAvd4!3. The ITC ex-
periments revealed that the biotin binding of cpAvd4!
3 ACHTUNGTRENNUNG(N118M) was weakened by 21% and 13% in terms of DG
when compared to Avd ACHTUNGTRENNUNG(N118M) and cpAvd4!3, respectively.
The ITC experiments also revealed that cpAvd4!3 ACHTUNGTRENNUNG(N118M)
had increased affinity for HABA in comparison to wt avidin,
AvdACHTUNGTRENNUNG(N118M) or cpAvd4!3. Although we were not able to con-
vert the ligand-binding preference of avidin to favour HABA
over its natural ligand, biotin, the relative binding affinity was
modified over one billion-fold. The relative dissociation con-
stant Kd ACHTUNGTRENNUNG(BTN)/Kd ACHTUNGTRENNUNG(HABA)=1.64A10�10 for wt avidin was
changed to KdACHTUNGTRENNUNG(BTN)/KdACHTUNGTRENNUNG(HABA)=0.23 for cpAvd4!3 ACHTUNGTRENNUNG(N118M).


Thermodynamic ITC measurements showed that the endo-
thermic binding of HABA to wt avidin was changed dramatical-
ly to an exothermic binding reaction in the case of cpAvd4!3
and cpAvd4!3 ACHTUNGTRENNUNG(N118M). However, the net entropy term (TDS)
for both decreased at the same time, which is thermodynami-
cally the reason why even higher affinities were not observed.
It has been reported that the binding of HABA to avidin leads
to the displacement of five water molecules from the binding
site.[19] This displacement is favourable in terms of entropy, and
although the binding of HABA is stabilised by hydrogen
bonds, binding does not take place without energy contribu-
tions from the surrounding solution; this can be detected as a
positive net enthalpy in ITC measurements.


These previous reasons might also clarify the observed, en-
hanced HABA binding and the reduced biotin-binding proper-
ties of cpAvd4!3. The avidin–biotin complex, which is one of
the tightest noncovalent ligand–protein complexes, is known
to be well optimised; it has a large number of hydrogen
bonds and van der Waals interactions.[1] Because cpAvd4!3
lacks the L3,4 loop, two hydrogen bonds that stabilise the in-
teractions between wt avidin and the valeryl moiety of biotin
are lost, this at least partially explains the decreased affinity of
cpAvd4!3 for biotin (Figure 5, Figure S3). On the other hand,
the deletion of the L3,4 loop “opens the lid” of the ligand-
binding pocket and leaves the pocket more exposed to sol-
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vent. Interestingly, deletion of the L3,4 loop or the N118M mu-
tation alone does not cause a clear change in the entropy
term when compared to wt avidin, whereas the point muta-
tion N118M and loop deletion together affect the entropy
term such that it favours biotin binding. Favourable entropy is
usually observed when water molecules are liberated upon
burial of a hydrophobic surface.[39] In the case of the avidin–
biotin complex, ligand binding stabilises the structure of avidin
and reduces the number of internal degrees of freedom in the
system that lead to the unfavourable contribution of the free
energy (negative DS).[40] In the case of cpAvd4!3 ACHTUNGTRENNUNG(N118M), the
entropy term of the biotin binding changed to a positive sign,
which favours binding; this is totally opposite to any other
cases of avidins or streptavidins.[30] The effect of the positive
entropy on binding at room temperature is over 5 kcalmol�1


when compared to biotin binding of wt avidin and cpAvd4!
3 ACHTUNGTRENNUNG(N118M).


We successfully created a novel subunit fusion form of
avidin, dcAvd2, by fusing cpAvd4!3 to the C terminus of
cpAvd5!4. Judging from our ITC measurements, the fusion of
cpAvd4!3 to cpAvd5!4 did not seem to affect the biotin-
binding properties of the subunit ; cpAvd4!3 of dcAvd2 binds
biotin in a manner similar to the “non-fused” form. Importantly,
analysis of dcAvd2 by using ITC indicated a HABA-binding
ACHTUNGTRENNUNGenthalpy of �2.3 kcalmol�1, which agrees with the theoretical
value of �1.6 kcalmol�1 that was obtained by summing the
separately determined enthalpies for the wt and cpAvd4!3
proteins (Figure 4).


What is the added value of the “next-generation” avidins
presented here? There is a significant demand for advanced
tools in biotechnology and nanotechnology, especially as more
experimental systems are miniaturised on the nanometre scale.
Furthermore, strept ACHTUNGTRENNUNG(avidin) with novel properties, especially
multiple binding sites, which can be specifically and separately
targeted for binding, would facilitate the development of
more complicated assay systems or materials than those that
are now available.


One demand in both biotechnology and nanotechnology is
for new binders for new ligands. The biotin-binding site of
strept ACHTUNGTRENNUNG(avidin) is well known and fairly flexible physically ; this
offers an excellent starting material that can be modified to
bind new or existing ligands with good specificity and affinity.
Although the avidin forms that are presented here do not yet
completely fulfil these requirements with regard to biotin and
HABA binding, the conceptual steps that are made here bring
us closer to more sophisticated protein engineering for that
purpose.


Experimental Section


d-Biotin was obtained from Sigma Chemicals. Chicken avidin,
which was a generous gift from Belovo S.A. (Bastogne, Belgium)
was used as a control protein in all analyses. Molecular weight
markers were obtained from New England BioLabs and Fermentas
(Burlington, Canada). The concentration of the avidin solution was
calculated from the absorbance at 280 nm by using an extinction
coefficient of 24280m


�1 cm�1 per binding site.


The nucleotide and amino acid sequences of the studied proteins
are available at EMBL (http://www.ebi.ac.uk/embl/) with the follow-
ing access numbers: cpAvd4!3, AM779410; cpAvd4!3 ACHTUNGTRENNUNG(N118M),
AM779411 (named in the database cp43N76M); dcAvd2,
AM779412; and dcAvd, AJ616762.


Design and mutagenesis of the expression constructs : In order
to construct a DNA that encodes for circularly permuted cpAvd4!
3, PCR reactions were performed by using oligonucleotides 5.4N2
and 3.4C1 in the first reaction, oligonucleotides 3.4N1 and 5.4C1 in
the second (Supporting Information, Table S1) and the cDNA of wt
avidin as a template. The resulting DNA fragments were connected
together by using another round of PCR, by using primers that
overlapped the PCR products from the first and second PCR reac-
tions, together with a DNA sequence that encoded the polypep-
tide linker that connected the original termini. The resulting DNA
(cpAvd4!3) was cloned into a pGemTeasy vector that contained
attL recombination sites and a DNA sequence that encoded for the
ompA signal peptide.[41] Mutagenesis of cpAvd4!3 was carried
out with the QuikChange mutagenesis kit (Stratagene, La Jolla, CA,
USA). To create the expression construct for dcAvd2, cpAvd4!3
was digested with the restriction enzymes BamHI and HindIII and
subcloned into a pGemTeasy vector that already contained the
coding sequence for cpAvd5!4.[9]


Production and purification of the expressed recombinant pro-
teins : To achieve bacterial secretion for cpAvd4!3 and dcAvd2,
the signal peptide from the OmpA-protein was used at the N ter-
minus of the expressed proteins as previously described.[41] For ex-
pression, the DNA constructs were transferred into a pBVboostFG
plasmid[42] by using the Gateway LR-cloning reaction (Invitrogen).
E. coli BL21-AI cells (Invitrogen) were used for protein production.
The expression constructs were validated by using DNA sequenc-
ing (ABI PRISM 3100 Genetic Analyzer, Applied Biosystems).


Protein purification was accomplished in a single step by using
either 2-iminobiotin- or biotin-Sepharose 4 Fast flow (Affiland)
ACHTUNGTRENNUNGaffinity chromatography columns as has been previously de-
scribed.[43] The protein concentration was determined by a UV/Vis
spectrophotometer (ND-1000 NanoDrop Spectrophotometer, Wil-
mington, DE, USA) by measuring the absorbance at 280 nm and by
using an extinction coefficient of 23615m


�1 cm�1 for cpAvd4!3
and 48320m


�1 cm�1 for dcAvd2.


Isothermal titration calorimetry : High-sensitivity VP-ITC titration
calorimetry (Microcal Inc. , Northampton, MA) was used to measure
heat release or uptake, which is mostly associated with ligand
binding, but might also reflect conformational changes. All protein
samples were dialysed against a buffer that contained 50 mm


sodium phosphate, 100 mm NaCl (pH 7.0) or 0.1 mm potassium
acetate (pH 5.0) ; solid biotin and HABA were dissolved in the same
dialysis buffer as protein. In order to eliminate air bubbles and
long equilibration periods, prior to VP-ITC analysis, the sample sol-
utions were degassed and preheated near the measuring tempera-
ture (25 8C). Biotin (0.1–0.4 mm) or HABA (1.0–1.2 mm) was injected
into the calorimeter cell that contained protein samples (0.01–
0.1 mm) at 4–5 min intervals. The titration cell was stirred continu-
ously at 440–510 rpm. Both ligand-to-buffer and buffer-to-protein
titrations were made in order to detect and correct the heat effect
of dilution.


The heat of binding after each injection was calculated by integrat-
ing the area of the measured peak by using the ORIGIN software
suite (v 7.0 SR4, Originlab Corporation, Northampton, MA, USA)
that was tuned to the ITC instrument. All data except those related
to dcAvd2 were analysed with the “One Set of Sites” fitting proce-
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dure. The “Two Sets of Sites” procedure, which was designed for
cases where two different kinds of binding sites exist, was used for
dcAvd2. The heat (Q) that evolved from each titration can be rep-
resented by Equation (1):


DQ ¼ V0DH½M�tKa½L�
1þ Ka½L�


ð1Þ


where V0 is the volume of the calorimeter cell, DH is the enthalpy
of binding per mole of ligand, [M]t is the total macromolecule con-
centration, Ka is the association constant, and [L] is the free ligand
concentration. The values of DH and Ka can be determined directly
from the chromatogram for a titration, whereas the change in
Gibb’s free energy term DG and its entropic component TDS can
be calculated from Equations (2) and (3):


DG ¼ �RT lnKa ð2Þ


DG ¼ DH�TDS ð3Þ


where R is the gas constant and T is the temperature in kelvin.


Biotin dissociation assays : The biotin-binding properties of avidin,
cpAvd4!3, cpAvd4!3ACHTUNGTRENNUNG(N118M) and dcAvd2 were studied by
measuring the dissociation of d-[8,9-3H]biotin and fluorescent
biotin from these proteins. The dissociation of d-[8,9-3H]biotin
(Amersham) was determined at different temperatures as de-
scribed by Klumb and colleagues.[44] The dissociation of fluorescent
biotin was detected by measuring the reversal of quenching of the
biotin-coupled fluorescent probe ArcDiaTM BF560 (ArcDia Ltd. ,
Turku, Finland) after addition of a 100-fold molar excess of free
biotin; analyses were made in a 50 mm sodium phosphate (pH 7.0)
buffer that contained NaCl (650 mm) at two different temperatures
(25�1 8C and 50�1 8C), and by using a PerkinElmer LS55 lumin-
ometer as previously described.[41]


The fluorescence data were interpreted by using the “single-phase
dissociation model”, as described elsewhere.[41] The dissociation
rate constants (kdiss) were determined by using Equation (4):


�kdisst ¼ ln ðB=BoÞ ð4Þ


where Bo is the maximum binding (100%) that was measured (the
difference between the fluorescence of the free dye and that of
the protein–dye complex) and B is the amount of complex that
was measured as a function of time. The first 500 s of measure-
ments were omitted from the analyses to abolish the “fast initial
phase” effect, which is characteristic of the avidin–BF560–biotin in-
teraction.[11] The release of the fluorescent biotin was determined
after 1 h of measurements. In order to determine the dissociation
rate for the cpAvd4!3 subunit of dcAvd2, half of the four biotin-
binding sites were hypothesised to behave as in wt avidin, and a
ligand dissociation model was fitted to the subtracted data as pre-
viously described for other dual-chain avidins.[11]


Size exclusion chromatography : The oligomeric state of the pro-
teins was assayed at +4 8C by using the Superose 6 10/300GL (Tri-
corn) gel filtration column and the UKTA Purifier 10 Chromatogra-
phy system as previously described.[27] A buffer that contained
50 mm sodium phosphate buffer (pH 7.0) and 650 mm NaCl was
used as the running buffer, and gel filtration was performed with a
flow rate of 0.5 mLmin�1. The high concentration of NaCl reduced
the binding of the basic avidin protein (pI�10.5)[29] to the chroma-
tography column. The gel filtration MW standards were bovine
ACHTUNGTRENNUNGthyroglobulin, bovine gamma-globulin, chicken ovalbumin, horse
myoglobin and vitamin B12 (Gel Filtration Standard, Bio-Rad).


SDS-PAGE-based thermostability assay : Protein samples with
biotin, HABA or both ligands were acetylated in vitro and the tem-
perature-dependent dissociation of the subunits was monitored.
Samples were heated to a given temperature between 25 8C and
80 8C for 20 min. The oligomeric state of the protein was analysed
by SDS-PAGE in the presence of 2-mercaptoethanol and the gels
were stained with Coomassie blue.[35]


Disulfide bridge reduction : Disulfide reduction was performed by
using the protocol of Scigelova and colleagues.[45] Briefly, the pro-
tein sample with an excess amount of dl-dithiothreitol (Sigma–Al-
drich) was incubated at 70 8C for 5 min, after which the sample
tube was placed on ice and diluted with an appropriate solvent for
mass spectrometry.


Mass spectrometry : All mass spectrometric experiments were per-
formed on a 4.7-T Bruker APEX-Qe hybrid Fourier transform ion cy-
clotron resonance (FT-ICR) instrument (Bruker Daltonics, Billerica,
MA, USA) that had a mass-selective quadrupole interface. Ions
were produced in an external Apollo II dual-ion–funnel electrospray
ionisation (ESI) source. For broadband spectra (m/z 400–4000), the
quadrapole was operated in an RF-only mode, and ions were accu-
mulated in the second hexapole (collision cell) for 50–100 ms. Ions
were then transmitted through a high-voltage ion optics region,
prior to “Sidekick” trapping inside the Infinity ICR cell. Ions were
excited by a conventional “RF-chirp”, and detected in a direct
broadband mode. A total of eight co-added, 512-kWord time-
domain transients were acquired, zero-filled twice, followed by
magnitude calculation, fast Fourier transform and external frequen-
cy-to-m/z calibration with respect to the ions of an ES Tuning Mix
(Agilent Technologies, Santa Clara, CA). All data were processed by
using the Bruker XMASS 7.0.8 software.


Determination of HABA affinity by fluorescence and absorbance
spectroscopy : The HABA-binding affinity of AvdACHTUNGTRENNUNG(N118M),
cpAvd4!3, cpAvd4!3ACHTUNGTRENNUNG(N118M) and dcAvd2 was measured by
using fluorescence spectroscopy. The protein samples (50 nm) in
neutral 50 mm phosphate buffer that contained 650 mm NaCl were
titrated with increasing concentrations of 4’-hydroxyazobenzene-2-
carboxylic acid (HABA). The samples were excited by using a wave-
length of 280 nm, emission was measured at 350 nm, and the de-
crease in intrinsic fluorescence of avidin as a result of HABA bind-
ing was monitored. However, because HABA absorbs light also
when not bound to protein, there is an error component that
cannot be fully subtracted from the data. Thus only the apparent
dissociation constants could be measured by using this method.


The affinity of HABA to different avidin forms was determined by
using UV/Vis spectrometer. The assay was based on the colour
change of the HABA due to complexation with avidin.[16] The pro-
tein samples in neutral 50 mm phosphate buffer that contained
100 mm NaCl were titrated with increasing HABA concentrations.
The concentration of the avidin–HABA complex was determined
by using extinction coefficient of 35500 cm�1 at 500 nm wave-
length. The binding constants were determined by using a Scatch-
ard analysis (Figure S2).


X-ray structure determination : The ClassicsTM (Nextal Biotech-
nology, (Qiagen), Valencia, CA, USA) screen, the vapour diffusion
method and sitting drops on 96-well plates (Corning Inc.) were
used to search for suitable conditions for crystallisation of
cpAvd4!3ACHTUNGTRENNUNG(N118M). By using a 10:1 (v/v) ratio of protein and
ligand, a protein solution of cpAvd4!3 ACHTUNGTRENNUNG(N118M) (1.7 mgmL�1) that
contained sodium acetate (50 mm ; pH 4) and NaCl (100 mm) was
mixed with a d-biotin (Sigma) solution (1 mgmL�1) that contained
5 mm Tris (pH 8.8) and CHES (8 mm ; pH 9.5). After optimisation,
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crystals formed at 22 8C under conditions in which 0.6–1.2 mL of
the sample solution and 0.5–0.7 mL of a well solution that con-
tained MgCl2 0.18–0.20m), Tris–HCl (0.09–0.10m, pH 8.5) and
PEG 4000 (27–30%, w/v) were used. For data collection, two
“cubic”-looking crystals with dimensions less than 0.2A0.2A
0.2 mm were used. The first data set (2.6 < resolution) was collect-
ed from a flash-frozen crystal by using MPD as a cryoprotectant
(0.7 mL of 100% MPD was added to the crystallisation drop imme-
diately prior to freezing) at the MAX-lab beam line I911_2 (Lund,
Sweden) at 100 K by using a MarCCD detector. The second, higher
resolution (1.9 <) data set was later collected at the ESRF beam
line ID-29 (Grenoble, France) by using a 100 K liquid nitrogen
stream (Oxford Cryosystems, Devens, MA, USA) and an ADSC de-
tector. Sodium formate was used as cryoprotectant (1 mL of 4m


sodium formate was added to the crystallisation drop immediately
prior to freezing).


Both data sets were processed with programs from the XDS pro-
gram package.[33] The 2.6 < data set was used to solve the struc-
ture of cpAvd4!3ACHTUNGTRENNUNG(N118M) by molecular replacement with the pro-
gram Phaser[46] from the CCP4i suite;[47, 48] four copies of the poly-
peptide chain A of a known avidin structure (PDB code 2AVI)[1]


were used as search models. After molecular replacement, the ini-
tial 2.6 < X-ray model of cpAvd4!3 ACHTUNGTRENNUNG(N118M) was extended to
higher resolution and completed by using the 1.9 < diffraction
data: 1) the initial model was selected as input for automatic
model building with ARP/wARP,[49] 2) the structure was refined with
Refmac5[34] (TLS and restrained refinement)[50] and 3) modified and
rebuilt with Coot.[51] Solvent atoms and other non-protein atoms
were added to the model either by an automatic procedure in
ARP/wARP,[52] or in Coot, and the final structure was analysed by
using the inbuilt tools of Coot. The data collection and structural
determination statistics for the 1.9 < structure of cpAvd4!
3 ACHTUNGTRENNUNG(N118M) are summarised in Table 4, and the coordinates and
structure factors of it have been deposited in the Protein Data
Bank with entry codes 2JGS and 2JGSSF, respectively.


Miscellaneous methods : The solvent-accessible surface areas were
calculated with the program Areaimol[53] of the CCP4i suite.[47,48]


Figures 5 and 6 were created with the PyMol Molecular Graphics
System.[54] CorelDRAW X3 was used to edit Figures 5 and 6. Fig-
ACHTUNGTRENNUNGures S3 and S4 were generated by using VMD 1.8.6.[55]
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Introduction


Acyltetronic acids are abundant and diverse polyketide natural
products that have been isolated from both terrestrial and
marine micro-organisms that show an impressive range of anti-
biotic, antitumour and antiviral effects.[1] They include spiro-
ACHTUNGTRENNUNGtetronic acids,[2–5] such as the antitumour compound chloro-
ACHTUNGTRENNUNGthricin (1;[2] Figure 1) and the protein phosphatase inhibitor RK-
682 (2).[6] Particular interest attaches to the tetronate poly-
ethers tetronomycin (TMN) 3[7] and tetronasin (TSN) 4[8] be-
cause, although they are chemically almost identical, they
differ from one another in their configuration at every one of
ten comparable asymmetric centres (Figure 1). This raises intri-
guing questions about the stereochemical course of polyketide
chain formation on the respective polyketide synthase (PKS)
multienzymes and about the evolution of the respective struc-
tural genes. In addition, as with the other acyltetronic acids,
there is great interest in understanding how the extensive and
unusual cyclisations that follow upon polyketide chain assem-
bly are orchestrated. Future attempts to engineer such path-
ways, to produce potentially valuable analogues, will require a
detailed knowledge of the nature and timing of these ring clo-
sures.


The biosynthetic origin of some of the carbon atoms of the
tetronate (4-hydroxy-[5H]furan-2-one) ring system has not
been established either for TMN or TSN.[9] In chlorothricin 1[10]


and versipelostatin,[11] feeding studies with isotopically labelled
precursors have suggested that a 3-carbon glycerol-derived
precursor is condensed with a polyketide chain that contains a
3-ketoacyl thioester moiety. Recently, the gene clusters for two
spirotetronate biosynthetic pathways have been reported.[2,5]


The precursor to chlorothricin, from Streptomyces antibioticus
DSM 40725,[2] is assembled by a modular PKS,[12,13] and the full-
length chain is transferred from the PKS by transesterification


to an unusual enoylpyruvoyl-acyl carrier protein (ACP) unit.
This adduct then undergoes tetronate ring closure and further
reactions to generate the core of chlorothricin.[2] The chloro-
thricin gene cluster[2] contains a gene with significant similarity
to the FkbH family of proteins, which catalyze the production
of glyceryl-ACP from 1,3-bisphosphoglycerate.[14,15] This sug-
gests that 1,3-bisphosphoglycerate is also the precursor of the
nonpolyketide carbons of the tetronic acid ring in chlorothri-
cin.[2] With minor modifications, a similar biosynthetic origin for
the tetronate ring of the related spirotetronate kijanimicin has
been proposed.[5] Despite the profound overall differences in
the final structure between the spirotetronates and TMN, it is
attractive to propose a common pathway that leads to the
acyltetronic acid moiety.[16] In an alternative hypothesis for
TMN biosynthesis, the full-length polyketide would be released
from the PKS by transfer to a discrete ACP, which is catalysed
by a modified ketosynthase (KS) as in other polyether biosyn-
thetic pathways that have been studied,[17,18] before post-PKS
processing is initiated. The detailed sequence and mutational
analysis of the TMN gene cluster presented here together pro-


The biosynthetic gene cluster for tetronomycin (TMN), a polyether
ionophoric antibiotic that contains four different types of ring,
ACHTUNGTRENNUNGincluding the distinctive tetronic acid moiety, has been cloned
from Streptomyces sp. NRRL11266. The sequenced tmn locus
(113234 bp) contains six modular polyketide synthase (PKS)
genes and a further 27 open-reading frames. Based on sequence
comparison to related biosynthetic gene clusters, the majority of
these can be assigned a plausible role in TMN biosynthesis. The
identity of the cluster, and the requirement for a number of indi-
vidual genes, especially those hypothesised to contribute a glycer-


ate unit to the formation of the tetronate ring, were confirmed
by specific gene disruption. However, two large genes that are
predicted to encode together a multifunctional PKS of a highly
unusual type seem not to be involved in this pathway since dele-
tion of one of them did not alter tetronomycin production. Unlike
previously characterised polyether PKS systems, oxidative cyclisa-
tion appears to take place on the modular PKS rather than after
transfer to a separate carrier protein, while tetronate ring forma-
tion and concomitant chain release share common mechanistic
features with spirotetronate biosynthesis.


[a] Y. Demydchuk,+ Y. Sun,+ H. Hong, Prof. P. F. Leadlay
Department of Biochemistry, University of Cambridge
Tennis Court Road, Cambridge CB2 1GA (UK)
Fax: (+44)1223-766002
E-mail : pfL10@mole.bio.cam.ac.uk


[b] H. Hong, Prof. J. Staunton, Dr. J. B. Spencer
Department of Chemistry, University of Cambridge
Lensfield Road, Cambridge CB2 1EW (UK)


[+] These authors contributed equally to this work.


Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author: details of the bacterial
strains and plasmids used in this study, constructs for gene inactivation
and complementation, and analysis of mutant strains.


1136 www.chembiochem.org A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 1136 – 1145



www.chembiochem.org





vide a detailed model of the TMN pathway and indicate that
the mechanism of polyketide chain release from the PKS is te-
tronic acid ring formation, as for the spirotetronates. Further
support for a common mechanism for tetronate formation
comes from our recent identification of a specific glyceryl-acyl-
carrier protein as a potential intermediate in supplying addi-
tional carbon atoms for the tetronate ring.[19]


Results and Discussion


Cloning, sequence analysis and organisation of the TMN
gene cluster from Streptomyces sp. NRRL11266


The strategy used to clone the TMN cluster was to screen a
cosmid library of genomic DNA from the tetronomycin-produc-
ing strain with a hybridisation probe that consisted of a 1.2 kb
DNA fragment that encodes part of the KS domain of


module 2 of the erythromycin-producing PKS. Since
KS domains are the most highly conserved of do-
mains in canonical modular PKSs, this probe is ex-
pected to detect all polyketide biosynthetic gene
clusters that contain such multienzymes. Positive col-
onies bearing PKS-related sequences at their ends
were subjected to restriction mapping. Initial inspec-
tion of the deduced sequence from one region, to
which several overlapping cosmids were mapped
(Figure S1), suggested that it might contain the TMN
gene cluster. Further cosmids were identified by
chromosome walking. In total, a region of about
126 kb of contiguous DNA was identified in this way.
The overlapping cosmids cySH7, cy119 and cy1XSE5
were shotgun sequenced, together with extensive
portions of flanking plasmids, to give a total of
113234 kb of DNA sequence. Computer-assisted anal-
ysis and comparison with genes in public databases
revealed 33 open-reading frames (orfs) the positions
of which are shown in Figure 2, and the putative
functions of which are summarised in Table 1. The
ACHTUNGTRENNUNGsequence data have been deposited in the EMBL/
GenBank databases under the accession number
AB193609.


The TMN gene cluster is bounded by regulatory
genes


Several individual orfs from the putative TMN gene
cluster were inactivated, as described in the Experi-
mental Section and in the Supporting Information,
and the effects of each inactivation on the produc-
tion of TMN were studied by LC-MS analysis of crude
extracts from the mutant strains (see the Experimen-
tal Section, and the Supporting Information). Inactiva-
tion of tmn5, which encodes a putative LuxR-type
transcriptional regulator[20] on the left-hand side of
the cluster as shown in Figure 2, completely abol-
ACHTUNGTRENNUNGished TMN production. A downstream orf, tmn6,
would encode a discrete thioesterase (TEII) that is


highly typical of modular PKS-containing gene clusters, and
might play an activating (but not essential) role by hydrolyzing
mis-acylated PKS active sites.[12,13] Consistent with this, specific
disruption of tmn6 lowered the production of TMN to 2–3% of
wild-type levels. This result incidentally confirms that the
ACHTUNGTRENNUNGresults of disruption of the adjacent tmn5 were not due to
ACHTUNGTRENNUNGconsequent loss of tmn6 function.


The left-hand flanking sequence (some 10–11 kb; Figure 2)
contained additional orfs the products of which appeared not
to be related to TMN biosynthesis, these included a secreted
endoglucanase, squalene synthetase, pyridoxamine phosphate
oxidase and a putative regulatory protein (Y.D. , unpublished
data). Therefore, for the present, tmn5 is taken to represent
the left-hand boundary of the cluster. On the right-hand side
of the cluster, disruption of the actII-orf4-like gene tmn18,
which is predicted to encode a pathway-specific (SARP) regula-
tory protein[21] like that found in the CHL cluster (ChlF2), also


Figure 1. Structure of chlorothricin (1), RK-682 (2), tetronomycin (3) and tetronasin (4).
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abolished TMN production. In contrast, the adjacent large
genes, which are labelled tmnDI and tmnDII (Figure 2), are very
unlikely to be essential for TMN production, even though they
encode PKS-related functions (Table 1) because disruption of
tmnD1 (Supporting Information) had no effect on the produc-
tion of TMN. These genes, together with the flanking genes
tmn20–25, appear to be involved in the production of another,
as yet unidentified, polyketide secondary metabolite. The PKS-
related activities housed by tmnDI and tmnDII are an unusual
mixture: tmnDI would encode a conventional loading module


of a modular PKS (acyltransferase (AT) and ACP domains),
ACHTUNGTRENNUNGtogether with domains KS-ACP-KS-ACP-KR that comprise two
extension modules typical of a so-called trans-AT modular
PKS,[22, 23] except that the ketoreductase (KR) domain would
normally be found on the N-terminal side of the adjacent ACP
domain. Meanwhile, tmnDII would encode a more convention-
al extension module (KS, AT, dehydratase (DH) and ACP
ACHTUNGTRENNUNGdomains) and a thioesterase/cyclase chain-termination activity
(TE).


Figure 2. Genetic organization of the tetronomycin biosynthetic gene cluster and polyketide chain extension on the tetronomycin PKS. Those orfs proposed
to be involved in TMN biosynthesis are shaded. Their proposed functions are summarized in Table 1; KS, ketosynthase; AT, acyltransferase; DH, dehydratase;
ER, enoyl reductase; KR, ketoreductase; ACP, acyl carrier protein. The inactive KR domain of module 12 is shaded.
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Biosynthesis of the polyketide backbone of TMN


Six genes in the TMN cluster, tmnAI–tmnAVI, encode the modu-
lar PKS that assembles the polyketide chain of TMN (Figure 2).
Detailed analysis of the constituent enzymatic domains
(Table 1) confirmed the presence of a loading module and of
twelve extension modules, but with no evidence for a C-termi-
nal polyketide chain-releasing enzyme. In all other polyether


clusters that have been sequenced, genes (acpX, ksX) have
been found whose products assure an alternative mechanism
of chain release onto a discrete ACP, where oxidative cyclisa-
tion then takes place.[17] However, no equivalent genes are
present in the TMN cluster; this suggests a different mode of
chain release from the TMN PKS.


The linear pentaene polyketide structure of the product pre-
dicted by examination of the individual modules in the PKS ac-


Table 1. Deduced function of orfs in the TMN biosynthetic gene cluster.


orf Size[a] Homologue and origin Identity/
similarity
[%]


Proposed function


tmn3 300 YP_906523,
Mycobacterium ulcerans Agy99


48/61 LuxR-family transcriptional regulator


tmn4 155 YP_645372,
Rubrobacter xylanophilus DSM 9941


74/81 pyridoxamine 5’-phosphate oxidase related,
FMN-binding protein


tmn5 910 NP_824078,
Streptomyces avermitilis MA-4680


32/48 LuxR-family transcriptional regulator


tmn6 263 NP_821582,
Streptomyces avermitilis MA-4680


56/68 type II thioesterase


tmn7a 75 AAZ77704 ACHTUNGTRENNUNG(ChlD2),
Streptomyces antibioticus


42/53 acyl-carrier protein


tmn7 292 AAZ77705 ACHTUNGTRENNUNG(ChlD3),
Streptomyces antibioticus


60/74 pyruvate/2-oxoglutarate dehydrogenase


tmnA1 4872 CAD55506,
Streptomyces coelicolor A3(2)


52/63 PKS: loading module (KS-Q, ATa, ACP); module 1 (KS, ATa, DH, KR, ACP);
module 2 (KS, ATa, DH, ER, KR, ACP)


tmn10 223 ZP_01191507,
Mycobacterium flavescens PYR-GCK


44/66 DedA-family membrane-associated protein


tmn8 190 AAZ77701 ACHTUNGTRENNUNG(ChlL), Streptomyces antibioticus 23/41 putative ribosomal protein L15P
tmn9 500 AAZ77700 ACHTUNGTRENNUNG(ChlE3),


Streptomyces antibioticus
39/52 FAD-dependent oxygenase


tmnAVI 1574 ABC84471, Streptomyces violaceusniger 47/58 PKS: module 12 (KS, ATa, ACP)
tmnB 141 ABC84467, Streptomyces violaceusniger 54/82 epoxide hydrolase
tmn12 300 CAA42929,


Saccharopolyspora erythraea NRRL 2338
42/60 methyltransferase


tmnAII 1658 AAQ94246, Saccharopolyspora erythraea 52/63 PKS: module 3 (KS, ATa, KR, ACP)
tmnAIII 3408 AAG23263, Saccharopolyspora spinosa 49/60 PKS: module 4 (KS, ATa, DH, KR, ACP) ; module 5 (KS, ATa, KR, ACP)
tmnAIV 5657 AAZ77696 ACHTUNGTRENNUNG(ChlA3)


Streptomyces antibioticus
49/60 PKS: module 6 (KS, ATp, DH, ER, KR, ACP); module 7 (KS, ATp, DH, KR, ACP);


module 8 (KS, ATa, DH, KR, ACP)
tmnAV 5963 ABB86408, Streptomyces hygroscopicus subsp.


duamyceticus
49/62 PKS: module 9 (KS, ATa, DH, ER, KR, ACP) ; module 10 (KS, ATp, DH, ER, KR, ACP);


module 11 (KS, ATp, DH, KR, ACP)
tmnC 473 ABC84466, Streptomyces violaceusniger 50/65 epoxidase
tmn14a 80 CAA82742, Rhodococcus fascians 45/57 ferredoxin
tmn14 400 AAT45294, Streptomyces tubercidicus 51/65 P450 monooxygenase
tmn15 346 AAZ77702 ACHTUNGTRENNUNG(ChlM),


Streptomyces antibioticus
63/76 3-oxoacyl-ACP synthase III


tmn16 633 AAZ77703 ACHTUNGTRENNUNG(ChlD1),
Streptomyces antibioticus


58/70 phosphatase and glyceryl transferase


tmn17 345 AAZ77706 ACHTUNGTRENNUNG(ChlD4),
Streptomyces antibioticus


48/61 putative hydrolase or acyltransferase


tmn18 256 AAZ77687 ACHTUNGTRENNUNG(ChlF2),
Streptomyces antibioticus


58/71 putative pathway-specific activator


tmnDII 1508 CAD60099, Anabaena circinalis 90 31/47 PKS: (KS, AT, DH, ACP, TE)
tmnD1 2488 YP_632115, Myxococcus xanthus DK 1622 37/52 PKS: (ATa, ACP, KS, ACP, KS, ACP, KR)
tmn20 584 NP_820905, Coxiella burnetii RSA493 36/53 acyltransferase-family protein
tmn21 232 CAE51169, Streptomyces resistomycificus 38/49 TetR-family transcriptional regulator
tmn22 367 YP_250094,


Corynebacterium jeikeium K411
32/46 hypothetical membrane protein


tmn23 530 AAZ94406, Streptomyces neyagawaensis 69/79 putative phosphoesterase
tmn24 415 CAE13512, Photorhabdus luminescens subsp.


laumondii TTO1
35/53 putative ATP-dependent carboxylate-amine ligase domain protein


tmn25 663 unknown protein
tmn26 235 unknown protein


[a] Numbers refer to amino acid residues.
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cords exactly with that expected to give rise to TMN, assuming
the normal co-linear functioning of a canonical modular PKS.[24]


In particular, the two carbons added by the action of the last
module, module 12, appear to provide two of the ring carbons
of the tetronic acid ring. This is consistent with precursor feed-
ing experiments previously conducted on TSN, when these car-
bons were found to be labelled with 13C-acetate.[25] More
exotic mechanisms, in which a highly unusual extender unit is
added by PKS module 12, are excluded, because inspection of
the specificity motifs of the acyltransferase (AT) domain of this
module[26–28] (Figure 3) shows clearly that malonyl-CoA is the
preferred substrate to provide the extender unit at this posi-
tion. Curiously, the AT domain of extension module 3 differs
significantly in its sequence from all the other AT domains
(Figure 3), and might at first glance have been taken to accept
methylmalonyl-CoA even though it is, in fact, specific for ma-


lonyl-CoA. Any misincorporation of propionate instead of ace-
tate at this position would have given rise to a homologue of
tetronomycin, and LC-MS of crude extracts showed no evi-
dence of the presence of such a compound (Supporting Infor-
mation).


Analysis of the ketoreductase (KR) domains revealed that KR
domain of module 12 lacks several essential active site resi-
dues[29] (Figure 3); this is consistent with the production of a b-
ketoacyl thioester as the full-length product of the PKS. Certain
sequence motifs at KR active sites[29,31] of modular PKSs have
been shown to correlate with the stereochemical course of the
reduction, and the KR domains of TMN modules 3 and 5 differ
in these sequence motifs from those at the active sites of the
other nine active KR domains (Figure 3); this is in full agree-
ment with the alcohol configurations at C-17 and C-21 of the
product being as shown in Figure 2.


Figure 3. Multiple sequence alignment of the AT and KR domains from the tetronomycin PKS. A) Alignment of conserved motifs of AT domains from the TMN
PKS modules. Asterisks indicate the conserved amino acid residues that determine the substrate specificity. B) Phylogenetic analysis of AT domains. The
number of amino acid substitutions is proportional to the length of the horizontal lines. C) Alignment of the KR domains from the TMN PKS modules.
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Origin of the three-carbon unit required for tetronic acid
ring formation


Given that they each contain an acyltetronic acid moiety in
their structures, it is significant that seven non-PKS orfs in the
TMN cluster (tmn7, 7a, 8 and 9 ; tmn15–17) show high se-
quence similarity to genes in the chlorothricin (CHL) biosyn-
thetic gene cluster[2] (Table 1). Most of these orfs also have
counterparts in the recently reported kijanimicin gene cluster


(for which the sequence is not yet publicly available).[5] In par-
ticular, tmn15–17 resemble a set of adjacent orfs in the CHL
gene cluster (Figure 4). For example, both chlD1 and tmn16
(albeit much more similar to each other) are predicted to
encode a protein that is similar to authentic FkbH-family pro-
teins. Members of this protein family have recently been
shown to catalyze the conversion of 1,3-bisphosphoglycerate
into glyceryl-ACP, as the first step in production of methoxy-
malonate and hydroxymalonate extender units for polyketide
biosynthesis.[31] The orf tmn7a encodes an ACP, similar to
ChlD2, which could serve as the substrate for this reaction to
provide glyceryl-ACP for TMN biosynthesis. We have separately
obtained experimental evidence that Tmn16 catalyses the pro-
duction of glyceryl-Tmn7 protein from 1,3-bisphosphoglycerate
in vitro, which strengthens this hypothesis.[19] To confirm a po-
tential role for Tmn16 in provision of the three-carbon unit of
the tetronate ring of TMN, in-frame deletion of tmn16 was un-
dertaken (Experimental Section). In the resulting mutant, TMN
biosynthesis was found to be completely abolished. Produc-
tion of TMN could be restored to normal levels by transforma-
tion of the mutant strain with a plasmid that bears a copy of
the tmn16 gene, which is expressed from its own promoter
(Figure 5).


A minimal mechanism for the formation of the tetronic acid
ring in TMN, starting from glyceryl-ACP and the polyketide b-
ketoacylthioester 5, requires formation of both a C�C and a C�


Figure 4. Comparison between chl and tmn gene cassettes implicated in
ACHTUNGTRENNUNGtetronic acid ring formation.


Figure 5. In-frame deletion of tmn16. A) Schematic representation of in-frame deletion in tmn16 by using shuttle vector pYH7. The numbers between two
PvuII sites represent the expected size of the fragments in tmn wild-type and Dtmn16 mutant chromosomal DNA after digestion with PvuII and hybridisation
to the probe (a 1805 bp SacI fragment that was obtained by digestion of plasmid pYH46—an intermediate construct that contained a complete tmn16 gene).
The sizes of the arms used for homologous recombination between construct and chromosome are indicated. B) Confirmation of Dtmn16 by Southern blot
analysis. All DNA samples were digested with PvuII. Plasmid pYH49 and pYH46 were used as positive and negative controls for the corresponding fragment
in wild type and mutant, respectively.
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O bond, and dehydration to form the exocyclic methylene
group. In the mechanism shown in Scheme 1, the relative
timing of C�C and C�O bond formation is left undefined. For-
mation of the C�O bond, by attack of the primary hydroxyl
group of the glyceryl moiety on the polyketide acyl thioester,
is an acyltransferase/thioesterase-catalysed reaction that would
release the polyketide chain from the PKS multienzyme. One
candidate for the enzyme that could catalyse this reaction is
Tmn7. When the tmn7 gene was specifically disrupted, TMN
production was abolished. It has been proposed for CHL bio-
synthesis[2] that the counterpart to Tmn7 (ChlD3) is a dehydra-
tase enzyme that acts on glyceryl-ACP to form an enoylpyruvo-
yl–ACP intermediate. However, such an intermediate would
rapidly tautomerize to pyruvoyl–ACP, as in the formation of
the lactoyl moiety in the biosynthesis of bryostatin[32] and in
lankacidinol[33] biosynthesis. Re-examination of the sequence


similarity of ChlD3 and Tmn7 (61% identical, 73% similar to
each other) to known enzymes suggests that these gene prod-
ucts might indeed function as an acyltransferase, with an acyl-
CoA (or similar thioester substrate) as the acyl donor. Both
bear a significant sequence resemblance to the C-terminal
acyltransferase domain of the E2 core enzyme of authentic 2-
oxoacid dehydrogenases (Table 1), including the conserved
acyltransferase active site residues threonine (serine) and histi-
dine.[34] The KijE protein in kijanimicin biosynthesis, which
shows homology in its N-terminal domain to Tmn7[5] has also
been canvassed as an acyltransferase, but is proposed instead
to convert glyceryl–ACP to glyceryl–CoA, which is then the
substrate for tetronate ring formation. Further work will be
ACHTUNGTRENNUNGrequired to test these ideas. An alternative candidate for the
acyltransferase that catalyses tetronic acid C�O bond forma-
tion (Scheme 1) is Tmn17, which, like its counterparts ChlD4


Scheme 1. Proposed pathway for tetronomycin biosynthesis.
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from the CHL gene cluster and the C-terminal domain of KijE
from the kijanimicin cluster, shows significant sequence similar-
ity to a/b-hydrolase proteins. Specific gene disruption of
tmn17 was also found to lead to complete loss of polyketide
production, as was previously found for disruption of chlD4 in
CHL biosynthesis.[2] In the extensive 3’-untranslated region
downstream of tmn17 there is a predicted terminator structure,
so it is unlikely that this effect is a polar one on the adjacent
activator gene tmn18.


The product of each of the genes Tmn15, ChlM and KijM
from the respective gene clusters is predicted to resemble ke-
toacyl-ACP synthase III (KSIII) or FabH-like enzymes, which cata-
lyze the first condensation step in fatty acid biosynthesis in
bacteria. Apparently chlM is not essential for CHL biosynthesis,
because disruption of chlM did not ablate CHL biosynthesis.[2]


In contrast, in the present study, when tmn15 was inactivated
by gene disruption, the resulting mutant did not produce
TMN. This gene therefore remains a candidate to catalyse the
formation of the C�C bond in the tetronic acid moiety of TMN
(Scheme 1). It might be argued that the effect of tmn15 inacti-
vation actually reflects loss of function of a downstream gene,
but this can be ruled out because in the above-described com-
plementation experiment with tmn16 this gene was well ex-
pressed from its own promoter, and was not dependent on ex-
pression from the tmn15 promoter. The CHL and TMN clusters
contain a conserved orf (tmn9 and chlE3, respectively) that is
predicted to encode a flavin-linked oxygenase, which is adja-
cent to a second conserved orf (tmn8 and chlL, respectively) of
unknown function. Disruption of tmn9 was also found to abol-
ish TMN production, but further work will be needed to eluci-
date its precise role in the biosynthetic pathway. The counter-
part kijA in kijanimicin biosynthesis has been proposed to cata-
lyse a dehydration step by arguing from the ability of the relat-
ed flavin-dependent oxygenase JadH to catalyse in vitro a for-
mally similar dehydration step in the formation of the aromatic
polyketide, jadomycin.[35]


The post-PKS steps of TMN biosynthesis


The conversion of the hypothetical linear pentaene intermedi-
ate 5 into TMN requires the formation of a total of four rings:
the tetronic acid ring; a carbocyclic and a tetrahydropyran
ring; and a tetrahydrofuran ring; together with specific O-
methylation and hydroxylation steps to generate TMN. The
exact order of these processes remains to be unravelled, and
there are no genes in the cluster whose products can as yet
be specifically identified as participating in the closure of the
tetrahydropyran and carbocyclic rings, but for illustration the
mechanism of Scheme 1 shows initial concerted closure of the
cyclohexane and pyran rings, in a possibly metal-assisted pro-
cess,[36] to give 6. Formation of the tetronate ring follows, with
participation of glyceryl-Tmn7A (ACP; catalysed by the FabH-
like Tmn15 and either Tmn7 or Tmn17) to give 7, followed by
dehydration to give 8. The genes tmnC and tmnB closely
ACHTUNGTRENNUNGresemble genes in other polyketide biosynthetic gene clusters
whose products are, respectively, epoxidases and ring-opening
epoxide hydrolases,[17,18,37, 38] and TmnC and TmnB are therefore


likely to govern the regiospecific and stereospecific oxidative
cyclisation of 8 into 10 that gives rise to the tetrahydrofuran
ring of TMN. The products of the genes tmn14/tmn14a (which
strongly resemble authentic cytochrome P450 hydroxylases
and their cognate ferredoxins) and tmn12 (which strongly re-
sembles S-adenosylmethionine-dependent methyltransferases)
are predicted to catalyse, respectively, the specific hydroxyl-
ation at C-28 and the methyl transfer to the C-25 hydroxyl
group, probably as the final steps in the pathway.


The biosynthesis of polyketide acyltetronates such as the
ACHTUNGTRENNUNGantibiotic tetronomycin involves a particularly complex set of
stereospecific transformations. Chain assembly and subsequent
cyclisation steps appear to be tightly coupled, because the dis-
ruption of specific genes that are likely to be involved in tetro-
nate ring formation did not lead to accumulation of detectable
intermediates. Nevertheless, the insights afforded by our char-
acterisation of the tetronomycin gene cluster open the way to
the future deconvolution of the nature and timing of each
step in the pathway, and of the determinants of stereochemi-
cal control. In particular, they provide evidence for polyketide
chain release via formation of a tetronic acid ring. The ring is
created by annealing a glyceryl-thioester unit, which is derived
from 1,3-bisphosphoglycerate, onto a full-length linear poly-
ACHTUNGTRENNUNGketide,[19] as previously suggested for spirotetronate biosynthe-
sis.[2, 5] In principle, a very similar reaction sequence could also
account for the production of the tetronate ring of tetronasin
(4). In this case, additional enzyme-catalysed steps that lead to
the loss of the side-chain carbon atom from the tetronate
moiety would be required. Alternatively, the tetronate ring of
tetronasin might be formed directly by annealing an unusual
glycolyl-thioester (C-2) intermediate onto the full-length poly-
ketide. Experiments to resolve this question are now in prog-
ress.


Experimental Section


Bacterial strains, plasmids and DNA manipulation : Bacterial
strains and plasmids used during this study are summarised in
Table S1. DNA manipulations were performed by using standard
procedures for E. coli[39] and Streptomyces.[40]


Construction and screening of genomic cosmid library : A ge-
nomic library of Streptomyces sp. NRRL11266 was constructed in
the cosmid vector SuperCos 1 (Stratagene). The genomic DNA was
partially digested with BamHI, dephosphorylated by alkaline phos-
phatase SAP and ligated to the prepared SuperCos 1 vector with-
out fractionation. E. coli XL1-Blue MR strain and Gigapack III XL
packaging extract (Stratagene) were used for library construction
according to the manufacturer’s instructions. About 2000 colonies
were screened by hybridization with a DIG-labelled PKS probe,
which is a 1.2 kb conserved fragment of the erythromycin KS2
domain. Thirty positive colonies were obtained and analysed by
ACHTUNGTRENNUNGrestriction enzyme digestion.


Sequencing and annotation of the tetronomycin biosynthetic
gene cluster : The overlapping cosmids cySH7, cy119, cy1XSE5, and
plasmids pSTL, pKKP1, pMR from a pUC18-based plasmid library
were identified by chromosome walking. Each cosmid or plasmid
was sequenced by shotgun sequencing of a subclone library that
consisted of 1.5–2.0 kb fragments (obtained through partial diges-
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tion with Sau3AI) that were cloned in pHSG397 (Supporting Infor-
mation). DNA sequencing was carried out with an ABI Prism 3700
DNA Analyzer automated sequencer (Applied Biosystems). The raw
sequence data were processed and assembled with the Phred/
Phrap/Consed software package (http://www.phrap.org). The anno-
tation analysis of the sequence data was performed through data-
base comparison with the BLAST search tools on the server of the
National Center for Biotechnology Information, Bethesda, Maryland
(http://www.ncbi.nlm.nih.gov).


Culture conditions : Streptomyces sp. NRRL11266 wild-type and
mutants were grown in TSBY liquid medium (3% tryptone soy
broth, 10.3% sucrose, 0.5% yeast extract) for isolating chromoso-
mal DNA, and SFM solid medium (2% mannitol, 2% soya flour, 2%
agar) for tetronomycin production. For liquid culture, the strains
were grown at 28 8C and 200 rpm on a rotary incubator and har-
vested after 2–3 days, and for solid culture, the strains were grown
at 28 8C for 7–10 days. E. coli strains were cultured in 2TY (1.6%
tryptone, 1% yeast extract, 0.5% NaCl) medium at 37 8C with the
antibiotic selection at a final concentration of 100 mgmL�1 carbeni-
cillin, 100 mgmL�1 hygromycin B, 50 mgmL�1 apramycin, 25 mgmL�1


chloramphenicol or 25 mgmL�1 nalidixic acid as appropriate.


Gene disruption and complementation : The constructs for gene
disruption and complementation used in this study are summar-
ised in the Supporting Information.


The constructs were introduced into Streptomyces sp. NRRL11266
(wild type) by conjugation by using donor strain ET12657/pUZ8002
on SFM plates. After incubating at 30 8C for 18 h, exconjugants
were selected with water (1 mL) that contained apramycin (50 mg)
and nalidixic acid (25 mg). Single colonies from this plate were
transferred to an SFM plate that contained apramycin (50 mgmL�1)
to double check for antibiotic resistance. To screen the double-
cross-over mutants, single colonies from the double-check plate
were patched onto SFM plates that contained apramycin
(50 mgmL�1) and hygromycin B (100 mgmL�1), respectively. Candi-
date clones with the correct phenotype (AprRHygS) were used for
further identification by PCR, sequencing or Southern blot analysis
(Supporting Information).


For complementation of the in-frame mutant strain Dtmn16, a
pSET152-derived construct, pYH93, was used, which carries the
complete tmn16 gene with its natural promoter (Supporting Infor-
mation). The complementation plasmids were introduced into
Dtmn16 by conjugation, and exconjugants were selected with
apramycin. Resistant colonies were confirmed by PCR and sequenc-
ing.


Production, isolation and analysis of tetronomycin : To assess te-
tronomycin production by Streptomyces sp. NRRL11266 (wild type)
and its mutants, a plate that contained SFM solid medium (20 mL)
was inoculated and grown as described above. After 7–10 days, a
whole plate culture was extracted with ethyl acetate (50 mL). The
organic phase was evaporated to dryness under reduced pressure
by using a Speed-Vac. The residue was redissolved in methanol
(800 mL) and clarified by centrifugation, then subjected to liquid
chromatography–mass spectrometry (LC–MS) analysis. On-line LC–
MS, LC–MS/MS and LC–MS3 analysis were carried out with an LCQ
mass spectrometer (Thermo Finnigan) by using positive-mode elec-
trospray ionization. The LCQ was coupled to an HP 1100 LC (Agi-
lent) that was fitted with a Prodigy C18 column (5 mm, 4.6Q
250 mm; Phenomenex, Macclesfield, UK) equilibrated with ammo-
nium acetate (20 mm) and methanol. Samples were eluted by
using a gradient of 5–75% methanol over 5 min, then 75–95%
methanol over 25 min. The mass spectrometer was set to full-scan


(from m/z 150 to 1500), MS/MS and MS3 modes with normalized
collision energy of 35%.
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Introduction


Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion
channels that mediate signal transduction in the post-synaptic
membrane. Neurotransmitter binding to the nAChR is a key
event for triggering the ionic flux through a cascade of confor-
mational transitions, acting nearly perfectly within the limits
prescribed by physical constraints.[1] Most of what we know
about nAChRs has been obtained from studies on receptors
from Torpedo electric organs or vertebrate neuromuscular junc-
tions.[2–5] This muscle type receptor is a heteropentamer with
a2bgd stoichiometry and carries two acetylcholine (ACh) bind-
ing sites located at the ag- and ad-subunit interfaces. Electro-
physiology studies have revealed that binding of the neuro-
transmitter ACh leads to a rapid opening of the channel, fol-
lowed by processes of desensitization.[6–8] Recently, a refined
structural model of the Torpedo nAChR at 4 7 resolution al-
lowed the description of the receptor in a closed-channel con-
formation and provided new hypotheses concerning the cou-
pling between agonist binding and channel opening.[9,10] Al-
though allosteric models of nAChR functioning are well estab-
lished,[3] knowledge of how agonist binding elicits channel
gating remains vague, because the time-resolved detection
and analysis of binding in combination with electrophysiology
experiments are still limited.[11,12]


Fluorescence-based detection techniques have opened new
avenues for the direct observation of ligand binding, as well as
of conformational reorganization of receptors, to be made in a
new way.[13] In a recent study, fluorescence measurements
were used in combination with electrophysiology to determine
the microscopic equilibrium constants for ligand binding to
channel gating at the cyclic-nucleotide-gated channel
CNGA2.[14] Such studies require the development of fluorescent


agonists that display high efficacy, and these are still not avail-
able for the Torpedo nAChR. For more than thirty years, many
attempts have been made to functionalize ACh with fluoro-
phores.[15–18] Dansyl- and NBD-acylcholine derivatives have
been synthesized for biophysical investigations using fluores-
cence intensity, fluorescence resonance energy transfer, and
time-resolved fluorescence spectroscopy on receptor-enriched
membranes from Torpedo electric organs.[19–26] Despite exten-
sive studies in the areas of ligand binding and characterization
of the receptor conformational transitions, no data on the
pharmacological properties of these fluorescent probes are
available. So far, the photolabel AC5 is the only ACh-based
photoprobe displaying full agonist properties on Torpedo re-
ceptor.[27] A series of fluorescent agonists based on the alkaloid
epibatidine and displaying exceptional pharmacological prop-
erties for neuronal and neuromuscular nAChRs have recently
been described.[28] These new findings encouraged us to syn-


We have synthesized a series of fluorescent acylcholine deriva-
tives carrying different linkers that vary in length and structure
and connect the acylcholine unit to the environment-sensitive flu-
orophores 7-(diethylamino)coumarin-3-carbonyl (DEAC) or N-(7-
nitrobenz-2-oxa-1,3-diazol-yl) (NBD). The pharmacological prop-
erties of the fluorescent analogues were investigated on heterolo-
gously expressed nicotinic acetylcholine receptor (nAChR) from
Torpedo californica and on oocytes transplanted with nAChR-
rich Torpedo marmorata membranes. Agonist action strongly de-
pends on the length and the structure of the linker. One particu-
lar analogue, DEAC-Gly-C6-choline, showed partial agonist be-


havior with about half of the maximum response of acetylcho-
line, which is at least 20 times higher than those observed with
previously described fluorescent dansyl- and NBD-acylcholine an-
alogues. Binding of DEAC-Gly-C6-choline to Torpedo nAChR indu-
ces a strong enhancement of fluorescence intensity. Association
and displacement kinetic experiments revealed dissociation con-
stants of 0.5 nm for the ad-binding site and 15.0 nm for the ag-
binding site. Both the pharmacological and the spectroscopic
properties of this agonist show great promise for characterizing
the allosteric mechanism behind the function of the Torpedo
nAChR, as well as for drug-screening studies.
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thesize and to characterize new fluorescent agonists structural-
ly related to the neurotransmitter ACh. Such probes are ex-
tremely useful for describing the microscopic equilibrium and
rate constants for agonist binding and channel gating of the
Torpedo nAChR, as well as for subsequent development of
drug-screening assays.


Here we report on the synthesis and the pharmacological
and spectroscopic characterization of fluorescent acylcholines.
In addition, we have reinvestigated the pharmacological prop-
erties of two classes of previously described fluorescent acyl-
cholines.[18,29] We show that one of our new compounds—
DEAC-G-C6-Ch (14 ; Scheme 1C)—binds and activates the Tor-
pedo nAChR remarkably more efficaciously than the fluorescent
acylcholines described previously. Association and displace-
ment kinetics revealed subnanomolar affinities and a strong
site-selectivity for desensitized Torpedo nAChR.


Results and Discussion


Synthesis of fluorescent acylcholine derivatives with differ-
ent linkers


We used a combination of solid-phase and solution-phase
chemistry, based on described reactions,[17,18, 30] for the synthe-
ses of fluorescent acylcholines (Scheme 1A, and Supporting In-
formation). This synthesis strategy allowed us to provide a vari-
ety of fluorescent acylcholines possessing different linkers in
adequate yields (mmol) and within a short time. The syntheses
of fluorescent alkylcarbamate derivatives were performed by
solution-phase chemistry (see Supporting Information). DEAC
and NBD, both environment-sensitive dyes absorbing light
above 400 nm, were chosen as fluorophores (Scheme 1B).
These fluorophores are suitable for a variety of fluorescence-
based experiments such as fluorescence intensity, fluorescence


resonance energy transfer, time-resolved fluorescence intensity,
or flow cytometry.


Fluorescent acylcholine derivatives with improved pharma-
cological properties for the Torpedo nAChR


Initially, we tested the pharmacological properties of NBD-C6-
Ch (3),[18] Dns-C6-Ch (4),[17,29] and DEAC-C6-Ch (5) because, like
AC5 (2 ; for structure see the Supporting Information), they
each possess an e-aminohexanoic acid linker (Table 1). How-


ACHTUNGTRENNUNGever, these three fluorescent probes showed only very weak
agonist activity on heterologously expressed Torpedo nAChR in
relation to ACh (1). Aiming to develop fluorescent ligands with
improved agonist efficiencies we synthesized two series of flu-
orescent acylcholines in which the linkers between the ACh
binding unit and the environment-sensitive fluorophores
(DEAC or NBD) were varied in length and structure (Table 1).


To avoid hydrophobic collapse, we introduced peptide
bonds into longer linkers to make the spacers more hydrophil-
ic, despite being more rigid.[31] In both series, the lengths and
the molecular structures of the linkers connecting the choline
and chromophore groups are the main attributes for the phar-
macological activity. Ligands with the longest linkers (13–16)
showed apparent efficacies of up to 50% relative to the maxi-
mum response of ACh on heterologously expressed Torpedo
nAChR (Figure 1A, inset). The EC50 values determined were


Scheme 1. A) Solid-phase synthesis of acylcholine-derived fluorophores:
a) standard Fmoc peptide chemistry; b) bromoethanol, pyridine, CuACHTUNGTRENNUNG(OAc)2,
O2, dichloromethane, 3 h, RT; c) sodium iodide in acetone, 6 h, reflux; d) tri-
methylamine in toluene, 72 h, RT. Structures of B) the environment-sensitive
fluorophores used in this study and C) DEAC-Gly-C6-Ch (14).


Table 1. Summary of pharmacological data for functionalized acylcho-
lines on recombinant Torpedo nAChR expressed in Xenopus oocyte.


Ligand[a] Linker Imax, EC50, nH
[c]


length[b]


ACh 1 – 100�5% at 300 mm


EC50=25�4 mm, nH=1.6�0.2
AC5 2[d] 8 100%


EC50=1.2 mm, nH=1.5
NBD-C6-Ch 3 6 2.3�0.3% at 100 mm


Dns-C6-Ch 4 7 0.1% at 100 mm


DEAC-C6-Ch 5 7 1.0�0.3% at 100 mm


DEAC-C4-CCh 6 7 no current
NBD-C7-Ch 7 7 1.5�0.3% at 300 mm


DEAC-Gly-Gaba-Ch 8 8 1.5�0.3% at 50 mm


DEAC-Dae-Succ-Ch 9 8 no current
NBD-bAla-Gaba-Ch 10 8 18�2% at 100 mm


DEAC-C6-CCh 11 9 no current
DEAC-Gaba-bAla-Ch 12 9 7�1% at 50 mm


NBD-Gly-C6-Ch 13 9 30�4% at 100 mm


DEAC-Gly-C6-Ch 14 10 50�3% at 30 mm


EC50=3.4�0.4 mm, nH=2.1�0.2
NBD-bAla-C6-Ch 15 10 11�1% at 300 mm


NBD-Gaba-C6-Ch 16 11 50�5% at 30 mm


EC50=5.4�0.6 mm, nH=2.0�0.2


[a] AC5: (2-trimethylammonium)-ethyl-6-N-[N’-(methyl)-para-diazonium-
phenylurea]hexanoate trifluoroacetate. Dae: diaminoethylene. Gaba: g-
aminobutyric acid. Succ: Succinate. [b] Number of atoms between the
carbonyl group of the choline ester and the aromatic part of the chromo-
phores; structures of the linkers see the Supporting Information. [c] Imax :
maximum response relative to 300 mm. EC50 : concentration of half maxi-
mum activation. nH: Hill coefficient. [d] Data from Mourot et al. 2006.[27]


Number of experiments=3–5, S.D.=13.8%.
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3.4 mm for 14 and 5.4 mm for 16, which are comparable to the
value previously found for the photolabel 2[27] (Table 1). The
pharmacological activities of the newly synthesized ligands are
significantly higher than those of the commonly used fluores-
cent acylcholines 3 and 4 (Figure 1A). Ligands with shorter
linker lengths were not synthesized, since previous studies had
found that they display no agonist activity.[17,18,29]


The observed weak pharmacological activities of 3 and 4 on
heterologously expressed Torpedo nAChRs are particularly
ACHTUNGTRENNUNGsurprising because they contradict earlier results.[18,29] However,
direct comparison of new and previous results is difficult for
several reasons. Firstly, the pharmacological characterization of
the Dns- and NBD-containing ligands were originally per-
formed on Electrophorus electricus electroplaques and on Rana
temporaria sartorius muscle fibers, respectively, and nAChRs
from different species might have distinct functional proper-
ties. Secondly, the experimental methodologies differed, be-
cause end-plate currents or potentials were measured and
compared to the effect of 20 mm ACh, which is below the con-
centration needed for full activation of the receptor. Thirdly,
the agonist effect was previously measured on native ion chan-


nels, and different pharmacological action may arise from dif-
ferences in the expression system.[32–34] To ensure that we were
working as close to native conditions as possible, we further
characterized the pharmacological properties of 4 with the aid
of voltage-clamp experiments on Xenopus oocytes transplant-
ed with Torpedo membranes rich in nAChRs. This method
keeps the receptors in their natural environment.[33] Again, for
14 we observed a maximal response and an EC50 value (Imax=


19�2%, EC50=15�3 mm, nH=1.1�0.1), whereas no currents
were detected with 4, suggesting that this fluorescent acylcho-
line derivative behaves as an extremely weak agonist on Torpe-
do nAChR under the conditions used (Figure 1).


The different modifications made on the linker allowed us to
gain some insight into the structure–activity relationship. Re-
placing the ester with a carbamate group (6 and 11) leads to a
complete loss of pharmacological activity in Torpedo nAChR.
All other fluorescent acylcholines show partial agonist behav-
ior, with maximal efficacy for acylcholines with linkers contain-
ing ten to eleven atoms, with the exception of DEAC-Dae-
Succ-Ch (9), which was pharmacologically inactive. These re-
sults suggest that the stereochemistry and flexibility of this po-
sition strongly influence the pharmacological activities of the
fluorescent probes. In addition, the pharmacological action is
completely lost if the spacer contains a succinyl building block
9. DEAC-Gly-Gaba-Ch (8), NBD-bAla-Gaba-Ch (10), and DEAC-
Gaba-bAla-Ch (12) show weak agonist behavior ; this indicates
that the positions and the orientations of the peptide bonds in
the linkers strongly influence the physiological properties. In-
terestingly, the fluorescent acylcholines 14 and NBD-Gaba-C6-
Ch (16) and the epibatidine-derived fluorescent agonists dis-
playing full agonist behavior on a neuromuscular nAChR[28]


have linkers of similar lengths.
The fluorescent agonists 14 and 16 show inhibitor effects at


high concentrations with typical bell-shaped dose-response
curves (Figure 1A), similarly to other fluorescent acylcho-
lines.[29] A detailed structure–activity relationship study has
shown that fluorescent acylcholines mainly act as noncompeti-
tive blocking agents, whereas aliphatic acylcholines of different
lengths exhibit increased agonist character.[29] The aromatic
chromophore might therefore interact with the receptor
through hydrophobic, charge, or dipole interactions, resulting
in inhibition of ion conduction at high ligand concentrations.
In agreement with this observation, we detected current inhib-
ition when ACh was co-applied with 100 mm NBD- or DEAC-
dyes (data not shown).


DEAC-G-C6-Ch binds to desensitized Torpedo nAChR with
nanomolar affinities, as shown by competitive radioligand
binding


The nAChR is an allosteric receptor, and agonist binding indu-
ces conformational transitions with additional increases in af-
finity for the binding sites.[3] The binding affinity of the agonist
ACh changes from the micromolar range for the basal state to
the nanomolar range for the desensitized state. We character-
ized the binding properties of 14 for both states by using
competition experiments against [125I]-a-BgTx initial binding


Figure 1. Dose–response relationships for different fluorescent acylcholines
A) on wild-type Torpedo californica nAChR expressed in oocytes and B) on
Torpedo marmorata nAChR transplanted on oocytes. Maximum responses
are expressed in percentage relative to the maximum response with 300 mm


ACh. ACh (&), DEAC-G-C6-Ch (*), NBD-Gaba-C6-Ch (~), NBD-C6-Ch (!), Dns-
C6-Ch (^). Solid lines represent fits to a modified Hill equation, which also
accounts for noncompetitive inhibitor effects (see the Supporting Informa-
tion). Inset : Normalized currents induced by ACh (300 mm ; ···), DEAC-G-C6-Ch
(30 mm ; c), and NBD-Gaba-C6-Ch (30 mm ; a). Error bars indicate the
S.E.M. resulting from 3–5 measurements.
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rates. The binding affinity for desensitized nAChR was deter-
mined in the presence of the channel blocker proadifen
(100 mm), conditions under which the receptor is mainly desen-
sitized.[35] Protection constants of 22�5 mm and 10�2 nm


were determined for the native and the desensitized states,
ACHTUNGTRENNUNGrespectively, revealing a shift of three orders of magnitude
during desensitization. Such dramatic variations in affinities,
which are expected for agonists, have been described for
ACh[36] and can be explained by the allosteric behavior of the
nAChR.[11]


DEAC-G-C6-Ch binding to Torpedo nAChR induced a strong
increase in fluorescence intensity


The high affinity of 14 allowed the titration of the ligand with
excesses of receptor binding sites. Baseline-corrected fluores-
cence emission spectra of free and completely titrated fluores-
cent ligand are shown in Figure 2. Complete saturation of fluo-


rescent ligand (10 nm) by nAChR leads to a twelvefold en-
hancement of fluorescence intensity and a slight blue shift of
the fluorescence emission maximum from 478 nm to 473 nm.
Addition of excess nonfluorescent competitor CCh decreased
the fluorescent signal to that of the free ligand, showing that
the enhancement of fluorescence intensity was specifically
ACHTUNGTRENNUNGassociated with binding.


DEAC is well known as an environment-sensitive fluorophore
and has been used in ligand–receptor binding studies.[37,38] In
those studies, binding of DEAC-containing ligands induced
strong enhancements of the fluorescence intensities due to
specific ligand–receptor interactions. As shown in detailed
photophysical studies, an increase in fluorescence intensity
and a blue shift of the fluorescence maximum can be attribut-
ed to changes in the dipole moment and in the electronic
structure, due to an increase in the solvent hydrophobicity of
the surrounding medium.[39] In aqueous medium, DEAC-con-


taining acylcholines exhibit fluorescence quantum yields of
0.026 (Table 2) with fluorescence emission maxima at 478 nm,
comparable with other DEAC-containing ligands.[37] In protic


organic solvents (ethanol, butan-1-ol) the fluorescence quan-
tum yields of DEAC-containing acylcholines are significantly in-
creased and the fluorescence emission maxima are blue-shifted
(data not shown), an observation consistent with results ob-
tained with other 7-(dialkylamino)coumarin dyes.[39] These re-
sults suggest that DEAC-G-C6-Ch occupies a more hydrophobic
environment in the receptor bound state.


Association kinetics of DEAC-G-C6-Ch with desensitized
ACHTUNGTRENNUNGtorpedo nAChR


Employing enhancement of fluorescence intensity as an indica-
tor of specific binding to nAChR, we performed kinetic experi-
ments to determine the association rate constant of 14 with
desensitized receptor. Figure 3A shows association kinetics of
14 with desensitized nAChR (2 nm) at different ligand concen-
trations (3.6–145 nm). Increasing the concentration leads both
to an acceleration of the association reaction and to an in-
crease in the signal amplitude. No enhancement of fluores-
cence intensity was observable in the presence of an excess of
non-fluorescent competitor CCh, affirming the specificity of
the fluorescence signal.


Association of 14 to desensitized nAChR is well described by
a single-exponential process for all ligand concentrations
above 10 nm (Figure 3A), as would be expected for pseudo-
first-order conditions. Kinetics for ligand concentrations below
10 nm were not analyzed, due to the unambiguous existence
of second-order conditions. However, Torpedo nAChR carries
two agonist binding sites,[10] which might lead to more com-
plex association kinetics. The observed single-exponential asso-
ciation kinetics suggest that the association processes are simi-
lar for both binding sites. Indeed, we could not detect any
second kinetic phase, which could reflect differences in the as-
sociation mechanism at the two binding sites.


Figure 2. Baseline-corrected fluorescence emission spectra of DEAC-G-C6-Ch
(10 nm, &), DEAC-G-C6-Ch (10 nm) in the presence of desensitized nAChR
(90 nm, a), and DEAC-G-C6-Ch (10 nm) in the presence of desensitized
nAChR (90 nm) and of the non-fluorescent competitor CCh (100 mm, &). The
excitation wavelength was 430 nm. Inset : Titration curve of DEAC-G-C6-Ch
(10 nm) with increasing amounts of desensitized nAChR.


Table 2. Comparison of spectroscopic and binding properties of different
fluorescent acylcholine derivatives for the desensitized Torpedo nAChR.


Ligand DEAC-G-C6-Ch Dns-C6-Ch NBD-C6-Ch[a]


Conditions TS, pH 7.0 TS, pH 7.0 TS, pH 6.8


Fl QY free ligand 0.026�0.002 0.035[b] 0.019
Kp (native) [mm] 22�5 n.d. n.d.
Kp (D state) [nm] 10�2 n.d. n.d.
kass (D state)
ACHTUNGTRENNUNG[m�1 s�1]


2.4�0.1M107 4.0�0.3M107 n.d.


kdiss (D state)
ACHTUNGTRENNUNG[s�1]


0.012�0.002
0.36�0.04


0.10�0.01
0.60�0.05


0.23
0.064


KD (D state)
[nm]


0.5�0.1
15.0�2.5


2.5�0.5
15.0�3.0


1.2
10


[a] All data were obtained from Prinz and Maelicke.[22b] [b] Martinez
et al.[24] Number of experiments=2–3, S.D.=13.7%.
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The observed rate constants for DEAC-G-C6-Ch association
increase linearly with ligand concentration (Figure 3B), reveal-
ing an apparent two-state binding reaction between the re-
ceptor binding sites and the ligand [Eq. (1), below]. We deter-
mined a bimolecular association rate constant of (2.4�0.1)M
107


m
�1 s�1 for both binding sites of the desensitized receptor,


which is a value near the limit of diffusion for second-order as-
sociation reactions.[40] A slightly enhanced association rate con-
stant towards the desensitized receptor state (kass= (4.0�0.1)M
107


m
�1 s�1) could be determined for 4 (Table 2), which is in


good agreement with a previously reported value.[23] The dif-
ferences in the apparent bimolecular association rate constants
might arise from an greater hydration volume of 14 or from
different interactions in the binding pockets.[40]


As previously mentioned, kinetic association experiments
with 14 revealed further that the receptor binding sites were
not fully occupied for ligand concentrations below 75 nm (Fig-
ure 3C). The amplitudes deduced from association kinetics
reveal a hyperbolic concentration dependence reaching satura-
tion at 75 nm, suggesting that the fluorescent ligand interacts
independently with both binding sites. We determined an
ACHTUNGTRENNUNGapparent dissociation constant of 3 nm for both binding sites
with the aid of a binding isotherm, which accounts for second-
order conditions [Eq. (5), below]. No amplitude increase was
observed for concentrations up to 1 mm, suggesting that no
further fluorescent ligand binds to the receptor at low micro-
molar concentrations.


Dissociation kinetics of DEAC-G-C6-Ch from desensitized
ACHTUNGTRENNUNGtorpedo nAChR


To obtain an improved insight into the properties of the two
binding sites we performed displacement reactions using
DEAC-G-C6-Ch (200 nm), a concentration sufficient completely
to saturate proadifen-desensitized receptor (Figure 3B) and
excess nonfluorescent competitor CCh (1.25 mm, KD=25 nm


[36])
to initiate displacement of the fluorescent ligand. Under these
conditions the observed displacement rate constant is deter-
mined solely by the dissociation process of the fluorescent
ligand.[40] The displacement kinetics indicated a complex pro-
cess, which is well described by a double-exponential equation
[Eq. (4), below] with observed rate constants of k1=0.012�
0.002 s�1 and k2=0.38�0.05 s�1 and their respective absolute
amplitudes of A1 =0.028 and A2=0.014 (Figure 4A). The bipha-
sic kinetics of the displacement reaction might have several
causes, such as conformational heterogeneity of the receptor,
coupled conformational dynamics, or heterogeneity in differ-
ent binding sites. The complex kinetics cannot account for the
dissociation of 14 from the ion channel binding site, because
proadifen fully occupies it. Rather, the biphasic kinetics of dis-
sociation arise from the two non-equivalent agonist binding
sites.


In order to assign the kinetic phases to each ACh binding
site, we performed displacement reactions in the presence and
in the absence of the site-selective inhibitor d-tubocurarine
(dTC). The dTC (1 mm) completely occupies the ag-binding site
(KD=35 nm), while the ad-binding site is expected to be virtu-


Figure 3. A) Time-course of DEAC-G-C6-Ch association with desensitized Tor-
pedo nAChR (2 nm) as recorded by changes in fluorescence intensity in the
presence of 3.6 nm (c), 15 nm (c), 27 nm (c), 54 nm (c), and
145 nm (c) of ligand. The excitation wavelength was 436 nm. Additionally,
single-exponential fits of the data (c) and the corresponding residuals for
concentration of 15 nm (c) and 145 nm (c) are displayed. No interac-
tions between fluorescent ligand and receptor occur in the presence of
excess nonfluorescent CCh (c). B) Double-logarithmic plot representing
the observed rate constant for DEAC-G-C6-Ch association with desensitized
nAChR as a function of ligand concentration (10�8 to 10�6


m). The solid line
represents a fit to Equation (3) with kass =2.4M107


m
�1 s�1 and kdiss =0.10 s�1.


C) Kinetic amplitudes of association as function of ligand concentration. The
solid line represents a fit according to Equation (5) with an apparent dissoci-
ation constant KD =3.0 nm.
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ally free (KD=1–8 mm).[25,41,42] We were indeed able to block the
ag-binding site selectively with dTC (1 mm), as demonstrated
by the disappearance of the fast kinetic phase of the displace-
ment reaction (Figure 4B). The fast kinetic phase therefore
most probably corresponds to the dissociation of 14 from the
ag-binding site, whereas the slow kinetic component relates to
dissociation from the ad-binding site.


The equilibrium dissociation constant (KD) for each binding
site can be determined from association and dissociation rate
constants [Eq. (2), below]. The KD values determined for 14 are
0.5�0.1 nm for the ad-binding site and 15.0�2.5 nm for the
ag-binding site of the desensitized receptor, reflecting a strong
site-selectivity. The subnanomolar affinity of 14 towards the
ad-binding site of desensitized Torpedo nAChR is the lowest
value observed for functionalized acylcholines, indicating an
extremely slow dissociation of the ligand from the ad-binding
site (t > 80 sec). For 3 and 4, significantly faster dissociation
rate constants were described, indicating weaker binding affin-
ities towards the desensitized receptor (Table 2).


Thanks to their improved pharmacological and spectroscop-
ic properties the newly described fluorescent acylcholines are
perfect tools for the characterization of the microscopic rate
and equilibrium constants for binding and gating on Torpedo
nAChR, ideally by use of a combination of fluorescence and
electrophysiology techniques. The complete identification and
description of the microscopic reaction steps will provide es-
sential information for the successful description of the actions
of agonists, antagonists, and allosteric modulators, as well as
for improved identification of new pharmacologically active
compounds.


Conclusions


We have examined the pharmacological properties of a series
of fluorescent acylcholine derivatives with respect to Torpedo
nAChR and have identified highly efficacious fluorescent ago-
nists. Additionally, we have determined binding and spectro-
scopic properties of the most prominent fluorescent acylcho-
line—DEAC-G-C6-Ch—on desensitized nAChR. The main find-
ings are: 1) the newly synthesized fluorescent acylcholines are
much more efficacious than the commonly used fluorescent
derivatives NBD-C6-Ch (3) and Dns-C6-Ch (4), and 2) DEAC-G-
C6-Ch (14) displays a strong site selectivity with desensitized
Torpedo nAChR, binding with subnanomolar affinity to the ad-
binding site and with nanomolar affinity to the ag-binding
site.


Experimental Section


Materials : Unless otherwise noted, reagents and chemicals were
obtained from Aldrich, Bachem, Fluka, Novabiochem, or Sigma.
Small live Torpedo marmorata fish were obtained from the Biologi-
cal Station of Roscoff (France). Adult female Xenopus laevis frogs
were obtained from the Centre d’Plevage de XPnopes (UniversitP
de Rennes) and were maintained and treated according to Europe-
an standard protocols approved by our institutional animal care
and use committees. [125I]a-Bungarotoxin ([125I]a-BgTx) was pur-
chased from New England Nuclear.


Synthesis of fluorescent acylcholine derivatives : See the Sup-
porting Information.


(3-(7-Diethylaminocoumarin)carbonyl)glycyl 6-amino-hexanoic
acid b-(N-trimethylamino)ethyl ester, DEAC-G-C6-Ch (14):
1H NMR (D2O): d=1.16 (t, 6H), 1.40 (d, 2H), 1.58–1.69 (m, 4H), 2.41
(t, 2H), 3.17 (m, 11H), 3.38–3.42 (d, 4H), 3.68 (s, 2H), 4.01 (s, 2H),
4.49 (s, 2H), 6.35 (s, 1H), 6.64–6.70 (d, 1H), 7.29–7.33 (d, 1H),
8.28 ppm (s, 1H); MS: see the Supporting Information.


Steady-state fluorescence measurements : Measurements were
taken in PBS containing Triton X-100 (0.01%) and proadifen
(100 mm). Fluorescence measurements were obtained on a Fluoro-
log fluorimeter with a xenon lamp source. Fluorescent probes
were excited at 430 nm, selected by an excitation monochromator
with a 4 nm slit width. The emission spectra were recorded be-
tween 440 and 650 nm by use of an emission monochromator
with a 4 nm slit width. Fluorescence quantum yields were deter-
mined as described.[28]


Stopped-flow fluorescence measurements : All kinetic measure-
ments were performed at 20 8C in “Torpedo” buffered saline (TS)


Figure 4. A) Displacement reaction (c) of DEAC-G-C6-Ch (200 nm) from
proadifen-desensitized Torpedo nAChR induced by CCh (1.25 mm). The
double-exponential fit of the data according to Equation (5) (c) and the
corresponding residuals are displayed. The fit gives the following values:
A1=0.028, k1=0.012 s�1, A2=0.014, and k2=0.38 s�1. B) Displacement reac-
tion of DEAC-G-C6-Ch (100 nm) from Torpedo nAChR in the absence (c)
and in the presence (c) of dTC (1 mm) induced by CCh (1.25 mm). Corre-
sponding double-exponential fits and residuals are displayed. A global fit of
the two kinetic traces gives the following values: in the absence of dTC:
A1=0.051, k1=0.012 s�1, A2=0.022, and k2=0.34 s�1, and in the presence of
dTC (1 mm): A1=0.050, k1=0.012 s�1, A2=0.003, and k2=0.34 s�1. The param-
eter k2 was fixed due to the low amplitude A2 in the case of dTC (1 mm).
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[phosphate (5 mm, pH 7.0), NaCl (250 mm), KCl (5 mm), CaCl2
(4 mm), MgCl2 (2 mm)] in the presence of phenylmethylsulfonyl
fluoride (PMSF, 1 mm) and proadifen (100 mm). Experiments were
carried out on a SFM-300 stopped-flow fluorescence instrument
from Bio-Logic (Claix, France) fitted with a xenon lamp light source
and a temperature control unit. DEAC-containing probes were
ACHTUNGTRENNUNGexcited at 436 nm. The emission signal was collected through a
455 nm cut-off filter (Melles Griot). Fluorescence energy transfer
from nAChR to Dns-C6-Ch was monitored by use of an excitation
wavelength of 280 nm, and Dns emission was collected through a
435 nm cut-off filter (Melles Griot).[20] Single mixing experiments to
measure binding and dissociation kinetics were performed by
mixing 1+1 volumes. Individual shots (4–8) were averaged to
reduce noise.


Data analysis of association and displacement reactions : ProFit
software (QuantumSoft, ZUrich, Switzerland) was used for data
evaluation. In the simplest case, free (L) and receptor-bound (RL)
ligand interchange with the microscopic rate constants kass and
kdiss :


Rþ L
kass


kdiss


��! ��RL ð1Þ


and the equilibrium dissociation constant (KD) is expressed as:


KD ¼
½R
½L

½RL
 ¼


kdiss


kass
ð2Þ


Association and displacement kinetics were used to determine the
dissociation constants of DEAC-Gly-C6-Ch with the binding sites of
desensitized nAChR. Kinetic traces of association reactions were
ACHTUNGTRENNUNGanalyzed by use of a single-exponential equation [Eq. (3)] . Under
pseudo-first order conditions ([L]@ [RL]) and after perturbation
from equilibrium the relaxation process for a two-state association
reaction follows a single-exponential time course with the ob-
served rate constant:


kobs ¼ kass � ½L
 þ kdiss ð3Þ


yielding association and dissociation rate constants.


Displacement reactions were performed under similar conditions in
the absence and in the presence of dTC (1 mm). The concentration
of dTC stock solution was determined by use of a molar extinction
coefficient of e282=7500m


�1 cm�1.[25] Proadifen-desensitized nAChR
was preincubated with dTC (1 mm) for 1 h. Equilibration of DEAC-G-
C6-Ch binding with desensitized nAChR in the absence and in the
presence of dTC was performed for 30 min. Displacement of
bound fluorescent ligand was initiated by the addition of an
excess of the nonfluorescent competitor carbamoylcholine (CCh,
1.25 mm, KD=25 nm


[36]). At this concentration of competitor the
observed rate constant for displacement is fully determined by the
dissociation process of the fluorescent ligand.[40] Kinetic traces
were analyzed by use of a double-exponential equation:


FðtÞ ¼ A1 � e�k1�t þ A2 � e�k2�t þ C ð4Þ


where F is the observed fluorescence intensity, k1 and k2 are the
observed dissociation rate constants, and A1 and A2 are their corre-
sponding fluorescence amplitudes. C represents the observed fluo-
rescence signal at infinite time. Dissociation constants were inde-
pendently calculated for the two binding sites according to Equa-
tion (3) with the assumption of similar association rate constants
for the two binding sites.


Amplitudes obtained from association experiments were analyzed
by using the following equation, which accounts for second-order
conditions:


Fð½L
Þ ¼ Fmax � A
2� ½R
 � ðKD þ ½L
 þ ½R
�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKD þ ½L
 þ ½R
Þ2�4½L
½R



p
Þ


ð5Þ


where Fmax is the maximal fluorescence intensity, A is the amplitude
obtained from association kinetics experiments, and KD is the corre-
sponding dissociation constant obtained from kinetic experiments.
[L] is the initial concentration of ligand, and [R] is the initial con-
centration of receptor.


For additional experimental procedures see the Supporting Infor-
mation.
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Introduction


The CXC chemokine receptor 4 (CXCR4) is a G-protein-coupled
cell-surface receptor that was identified previously as a core-
ceptor for infection by the T-cell-line-tropic (X4) human immu-
nodeficiency virus type 1 (HIV-1).[1, 2] Stromal cell-derived
factor 1 (SDF-1)/CXCL12 is a homeostatic chemokine that regu-
lates a number of physiological and pathologic processes
through its interaction with and activation of CXCR4. SDF-1 se-
creted in bone-marrow stromal cells supports the retention of
hematopoietic stem cells (HSCs), progenitor cells, and B-cell
precursors in the hematopoietic microenvironment.[3] SDF-1 ex-
pression is implicated in the survival, growth, and develop-
ment of CXCR4-expressing cells, including normal and malig-
nant B lymphocytes, hematopoietic progenitors, and carcino-
ma cells.[3, 4] It has also been demonstrated that concentration
gradients of SDF-1 promote the homing of HSCs to bone
marrow, the recruitment of progenitor cells to sites of ischemic
tissue damage, and the metastasis of CXCR4-expressing neo-
plastic cells to target organs.[4,5]


Recently, CXCR7 (RDC1, CCX-CKR2) was reported to be
ACHTUNGTRENNUNGanother receptor for SDF-1.[6,7] CXCR7 promotes cell survival,
growth, and adhesion in vitro and in vivo.[7,8] Furthermore, the
expression pattern of CXCR7 is complementary to that of
CXCR4 in the migrating primordium.[9,10] Therefore, the SDF-1–
CXCR7 axis, like SDF-1–CXCR4, is relevant to the control pro-
cesses of cell growth, migration, and recruitment. To investi-
gate the distribution and localization of two binding partners
of SDF-1, CXCR4 and CXCR7, both in vitro and in vivo, it would
be useful to have access to selective and specific fluorescence-
and otherwise-labeled ligands for these receptors.


To date, several CXCR4-receptor probes have been prepared
and applied both in vitro[11–14] and in vivo.[15] Fluorescein-
labeled SDF-1 was utilized to detect the CXCR4-dependent in-
ternalization of SDF-1 by stromal bone-marrow cells.[11] This
ACHTUNGTRENNUNGlabeled agonist was useful for evaluating the mechanism of re-


ceptor activation. We developed a potential radiopharmaceuti-
cal agent based on the polyphemusin II derived CXCR4 antago-
nist T140 (Scheme 1). Thus, [111In]–diethyleneACHTUNGTRENNUNGtri ACHTUNGTRENNUNGamine ACHTUNGTRENNUNGpen ACHTUNGTRENNUNGta-
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The design, synthesis, and bioevaluation of fluorescence- and
biotin-labeled CXCR4 antagonists are described. The modification
of d-Lys8 at an e-amino group in the peptide antagonist Ac-
TZ14011 derived from polyphemusin II had no significant influ-
ence on the potent binding of the peptide to the CXCR4 receptor.


The application of the labeled peptides in flow cytometry and
confocal microscopy studies demonstrated the selectivity of their
binding to the CXCR4 receptor, but not to CXCR7, which was
ACHTUNGTRENNUNGrecently reported to be another receptor for stromal cell-derived
factor 1 (SDF-1)/CXCL12.


Scheme 1. Structure of the selective CXCR4 antagonists T140, which was
used to design probe Ac-TZ14011 (1). Bold type indicates the pharmaco-
phore residues.
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ACHTUNGTRENNUNGacetic acid (DTPA) labeled Ac-TZ14011 was designed for the in
vivo imaging of CXCR4-expressing tumors.[15] Rhodamine-con-
jugated azamacrocycle antagonists were also developed; how-
ever, the small molecules were taken up into the cells by a
ACHTUNGTRENNUNGpotential active-transport process.[13]


On the basis of our previous research on peptide-based
CXCR4 antagonists,[16] we conducted an extensive structure–
activity-relationship analysis of labeled ligands with CXCR4 re-
ceptors expressed on the cell surface. Herein, we report the
design of the labeled antagonists and their application in in
vitro experiments, including flow cytometry. The selectivity of
the ligand for CXCR4 versus CXCR7 was also investigated by
confocal microscopy.


Results and Discussion


Peptide design and synthesis


Previous alanine-scanning experiments identified four indis-
pensable pharmacophore residues of T140, which are located
peripheral to the disulfide bridge.[17] On the other hand, modi-
fication of the N and C termini or b-turn region with several
types of functional groups or peptidomimetics did not lead to
a decrease in activity.[16] For example, arylacyl functional
groups, such as fluorobenzoyl, at the N terminus of T140 ana-
logues enhanced anti-HIV activity.[18] On the basis of these
precedent structure–activity-relationship studies on T140 deriv-
atives, we designed two types of potential labeled CXCR4 li-
gands (Tables 1 and 2). The functional groups for labeling were


attached with an appropriate spacer by acylation to the a-
amino group of the N-terminal Arg1 residue or on the e-amino
group of d-Lys8. To identify appropriate fluorophores that did
not affect peptide binding affinity to CXCR4, carboxyfluores-
cein and Alexa Fluor 488, which have a similar fluorescence
spectrum, were used for fluorescence labeling. The different
functional groups on the fluorescent section of peptides could
have an effect on the affinities of the peptides for CXCR4. The
Alexa Fluor 488 dye, which contains an amino group, an imino
group, and two sulfonate groups on a xanthene structure, ex-
hibited greater photostability and pH insensitivity.


Peptide resins were constructed manually by standard
Fmoc-based solid-phase peptide synthesis (SPPS) by using
N,N’-diisopropylcarbodiimide (DIC)/1-hydroxybenzotriazole
(HOBt). Fluorescein or acetyl modification at the N-terminal a-
amino group of peptides 1–4 was carried out on the resin by
using carboxyfluorescein/DIC/HOBt or Ac2O/pyridine, respec-
tively. For the preparation of peptides 6–8 and 10 with either
a fluorescein label or a 6-aminocaproic acid (Acp) linker com-
bined with a fluorescein, biotin, or Alexa Fluor 488 label on the
e-amino group of d-Lys8, a 4-methyltrityl (Mtt) group was used
for side-chain protection (Scheme 2). After the removal of the


Mtt group on peptide 11 with 1,1,1,3,3,3-hexafluoropropan-2-
ol (HFIP), an Acp linker and/or labeling groups were attached
to the peptide resin 12 by a standard protocol to afford the
ACHTUNGTRENNUNGlabeled protected peptide resins 13–16. Treatment of the pro-
tected peptide resins with TFA/1,2-ethanedithiol (EDT)/H2O
(95:2.5:2.5) followed by air oxidation in aqueous solution yield-
ed the expected peptides 1–4, 6–8, and 17.


Labeling with Alexa Fluor 488 was performed with the acti-
vated succinimidyl ester, which is commercially available. The


Table 1. Sequences and biological activity of labeled T140 analogues.


Peptide R d-Xaa IC50 [nm][a]


1 Ac d-Lys 5.2�0.1
2 Ac d-Glu 6.7�2.6
3 fluorescein d-Lys 24�0.3
4 fluorescein d-Glu 199�26
5 Alexa Fluor 488 d-Glu 5700�769


[a] IC50 values for the peptides are based on the inhibition of [125I]SDF-1
binding to CHO cells that were transfected with CXCR4.


Table 2. Sequences and biological activity of Ac-TZ14011 analogues.


Peptide R IC50 [nm][a]


1 H (amine) 5.2�0.1
6 fluorescein 16�0.8
7 fluorescein-Acp- 26�2.4
8 biotin-Acp- 11�0.1
9 Alexa Fluor 488 8.1�3.5
10 Alexa Fluor 488-Acp- 267�19


[a] IC50 values for the peptides are based on the inhibition of [125I]SDF-1
binding to CHO cells that were transfected with CXCR4.


Scheme 2. Synthesis of d-Lys8-labeled CXCR4 antagonists: a) Fmoc-based
peptide synthesis; b) CH2Cl2/HFIP/TFE/TES (65:20:10:5) ; c) carboxyfluores-
cein, DIC, HOBt; d) Fmoc-Acp-OH, DIC, HOBt, then 20% piperidine/DMF;
e) biotin, DIC, HOBt; f) TFA/EDT/H2O (95:2.5:2.5), then NH4OH; g) Alexa
Fluor 488�OSu, iPr2NEt. DMF: N,N-dimethylformamide; Fmoc: 9-fluorenyl-
ACHTUNGTRENNUNGmethoxycarbonyl ; Pbf: 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl ;
TFE: 2,2,2-trifluoroethanol; TES: triethylsilane; Trt: triphenylmethyl (trityl).
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precursor peptides (e.g. , 1, 17) were modified in DMF to pro-
vide the expected peptides 5, 9, and 10 with a single Alexa
Fluor 488 dye moiety.[19]


Biological evaluation of fluorescein- and biotin-labeled
ACHTUNGTRENNUNGpeptides


The CXCR4-antagonistic activity of peptides 1–10 was evaluat-
ed with respect to the inhibition of [125I]SDF-1 binding to
CXCR4 Chinese hamster ovary (CHO) cell transfectants. The re-
placement of d-Lys8 in the parent peptide 1 with d-glutamic
acid had no significant effect on the bioactivity of the peptide
(IC50(1)=5.2 nm ; IC50(2)=6.7 nm ; Table 1); this is consistent
with the results of previous Glu-scanning experiments of a
ACHTUNGTRENNUNGrelated peptide.[20] This result suggested that the modification
of the b turn i+1 position of the peptides with a functional
group for labeling would be possible. Fluorescein modification
of the N terminus of peptides 1 and 2 led to a slight and sig-
nificant decrease in inhibitory activity (IC50(3)=24 nm ; IC50(4)=
199 nm), respectively. Although the substituted benzoyl and
pyridinecarbonyl groups at the N terminus of the peptide im-
proved its bioactivity,[18] an additional xanthene or carboxyl
group might be unfavorable to ligand binding with CXCR4.
The Alexa Fluor 488 labeled peptide 5 showed a significant de-
crease in inhibitory activity (IC50(5)=5.7 mm) ; this indicates that
the N terminus is inappropriate for fluorescence labeling.


Modification of the e-amino group of d-Lys8 in the parent
peptide 1 was another promising approach to the creation of
labeled CXCR4 antagonists (Table 2). The fluorescein-modified
peptides 6 and 7 exhibited slightly decreased bioactivity but
retained significant binding affinity for CXCR4 (IC50(6)=16 nm ;
IC50(7)=26 nm). The biotin-labeled peptide 8 containing an
Acp spacer, which would be helpful for the simultaneous bind-
ing of 8 with CXCR4 and avidins, was also a potent inhibitor
(IC50(8)=11 nm). Thus, the presence of a functional group at
this position for labeling, with or without an Acp spacer, did
not appear to influence the bioactivity of the peptide. We con-
cluded that the d-Lys8 residue in the b-turn region might be
unimportant for direct molecular recognition by CXCR4; conse-
quently, this position was considered to be more appropriate
for labeling. The Alexa Fluor 488 labeled peptide 9 without an
Acp linker showed nearly equipotent inhibitory activity to that
of the parent peptide 1 (IC50(9)=8.1 nm). In contrast, signifi-
cantly lower bioactivity was observed for peptide 10, which
contains an Acp linker (IC50(10)=267 nm). This result implies
that the modified xanthene structure of Alexa Fluor 488 might
cause some unfavorable interactions with the receptor, contra-
ry to our expectations. The two potent labeled peptides 6 and
9 were used for further experiments.


Application of fluorescence-labeled peptides to flow
ACHTUNGTRENNUNGcytometry and confocal microscopy studies


The applicability of the fluorescence-labeled CXCR4 antago-
nists 6 and 9 to in vitro experiments was investigated (Fig-
ACHTUNGTRENNUNGure 1A and B). CHO cells that expressed high levels of the
CXCR4 receptor and CXCR4-negative control cells were incu-


bated with peptide 6 or 9 (200 nm), and the resulting mixtures
were analyzed by flow cytometry. The CXCR4-expressing cells
bound the fluorescent ligand, but the cells that did not express
CXCR4 were not stained. The binding of peptides 6 and 9 was
inhibited by competition with the unlabeled specific CXCR4
antagonist T140 (200 nm). This result supports the specificity of
the fluorescent ligands for CXCR4. With the fluorescent probe
6, lymphocytes derived from mouse spleen were identified by
light scatter gating and analyzed for binding of the fluorescent
antagonists (Figure 1C). Peptide 6 bound to CXCR4-expressing
lymphocytes, and the staining was inhibited competitively by
the addition of unlabeled T140 (200 nm). Peptide 6 was also
utilized for the detection of chemotactic cells in a transmigra-
tion assay with CXCL12 (Figure 1D). Whereas a low percentage
of the cells in the top well of a chemotaxis chamber were posi-
tive, the cells which passed through 3-mm pores in response to
the CXCL12 chemotactic gradient were all stained positively
with peptide 6.


The probing ability of 6 and 9 for CXCR4 was also verified
by confocal microscopy studies on CXCR4-expressing HEK293
cells (Figure 2). The cell surface of CXCR4-positive cells was
stained with peptides 6 and 9 in a dose-dependent manner
(Figure 2A; see also the Supporting Information). This result is
in contrast to a previous report that a rhodamine-labeled aza-
macrocycle localizes in the cytoplasm by nonspecific uptake.[13]


Staining was not observed with CXCR4-negative control cells ;
this suggests that receptor recognition of these fluorescent
peptides is specific to CXCR4 (Figure 2C). Furthermore, CXCR7-
expressing HEK293 cells were not stained by the fluorescent
peptides 6 and 9 (Figure 2B) ; this indicates that these T140
ACHTUNGTRENNUNGderivatives are selective inhibitors of the CXCR4 receptor.


Conclusions


In the current study the effects of labeling a peptide at differ-
ent positions with various functionalities with a view to retain-
ing indispensable interactions with the CXCR4 receptor was in-
vestigated. Fluorescein, biotin, and Alexa Fluor 488 moieties on
the d-Lys8 e-amino group of the parent peptide were appro-
priate labels. The resulting labeled peptides exhibited specific
and high affinity for the CXCR4 receptor, but not for the
CXCR7 receptor. The labeled peptides could be useful as selec-
tive molecular probes for the CXCR4 receptor in future in vitro
and/or in vivo experiments.


Experimental Section


General procedure for peptide synthesis : Protected peptide
resins were constructed manually by standard Fmoc-based SPPS
on NovaSyn TGR resin (192 mg, 0.05 mmol) by using DIC (39 mL,
0.25 mmol) in combination with HOBt (38 mg, 0.25 mmol). The
side chains Tyr, Glu, Lys, Cys, and Arg were protected with tBu, tBu
ester, Boc, Trt, and Pbf groups, respectively. For the preparation of
peptides 6–8 and 10, the Mtt group was used to protect the d-
Lys8 side chain. The N-terminal a-amino group was acetylated by
treatment of the resin with Ac2O (24 mL, 0.25 mmol) and pyridine
(40 mL, 0.10 mmol). Biotin (61 mg, 0.25 mmol) or carboxyfluorescein
(94 mg, 0.25 mmol) was coupled to the peptide by using DIC
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(39 mL, 0.25 mmol) and HOBt (38 mg, 0.25 mmol) in DMF (2 mL).
The resulting protected peptide resin (0.05 mmol) was treated with
TFA/H2O/EDT (95:2.5:2.5, 4 mL) for 2 h at room temperature. After
removal of the resin by filtration, ice-cold dry Et2O (100 mL) was
added to the residue. The resulting powder was collected by cen-
trifugation and then washed with ice-cold dry Et2O (3L50 mL). The
crude reduced peptide was dissolved in H2O (100 mL), and the pH
value was adjusted to 8.0 with NH4OH. After oxidation by exposure
to air for 1 day, the crude product in the solution was purified by
preparative HPLC to afford the desired peptide as a white powder.


Removal of the Mtt protecting group : The resin (0.05 mmol) was
treated with CH2Cl2/HFIP/TFE/TES (6.5:2:1:0.5, 10 mL) for 2 h at
room temperature. It was then washed with the same mixture
twice, treated with 10% iPr2NEt in DMF, and used for the next cou-
pling.


Conjugation of Alexa Fluor 488 succinimidyl ester with pep-
tides : Lyophilized peptide (4.66 mmol) and iPr2NEt (3.77 mL,
27.2 mmol) were added to a solution of Alexa Fluor 488 succinimid-


yl ester (2.50 mg, 3.88 mmol) in DMF (250 mL), and the resulting
mixture was stirred in the dark for 12 h at room temperature. The
crude mixture was then diluted with MeOH (100 mL) and purified
by HPLC. Fractions containing Alexa Fluor 488 conjugates were col-
lected and lyophilized to give 5 (3.3 mg, 27%), 9 (5.1 mg, 51%
from 1), or 10 (5.88 mg, 46% from 17) as a red powder.
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Figure 1. Application of fluorescent CXCR4 antagonists 6 and 9 to flow cytometry. CHO cells were incubated with labeled peptides (200 nm) A) 6, and B) 9.
The top and middle panels show the results with cells that did not (�) and did express CXCR4 (+), respectively. Competitive binding was assessed with T140
(200 nm ; lower panels). C) FACS (fluorescence-activated cell sorting) data for mouse spleen cells treated with peptide 6 (200 nm) in the presence (+) and ab-
sence (�) of T140 (200 nm). D) Chemotaxis experiment with mouse spleen cells (top panel). Cells from the total population that did not display chemotaxis
are shown in the middle panel (�), and cells that migrated in response to a gradient of SDF-1 are shown in the lower panel (+).
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Figure 2. Confocal images of HEK293 cells stained with peptides 6 and 9 (100 nm): A) CXCR4-expressing cells, B) CXCR7-expressing cells, C) CXCR4-negative
control cells. CXCR4- and CXCR7-receptor expression was verified by using the monoclonal antibodies 12G5 and 11G8.
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A Sensitive and Selective Near-Infrared Fluorescent Probe
for Mercuric Ions and Its Biological Imaging Applications
Bo Tang,*[a] Li Juan Cui,[a] Ke Hua Xu,[a] Li Li Tong,[a] Gui Wen Yang,[b] and Li Guo An[b]


Introduction


Mercury is one of the most toxic heavy metals on earth.[1–3]


Mercury contamination is widespread and an estimated total
of 4400 to 7500 metric tons of mercury is released into the en-
vironment worldwide annually.[4] It exists in a variety of differ-
ent forms (metallic, ionic, and as part of organic and inorganic
salts and complexes).[5] Solvated inorganic mercuric ion (Hg2+),
one of the most stable inorganic forms of mercury, is a caustic
and carcinogenic material with high cellular toxicity[6–8] and
can cause damage to the brain, heart, kidney, stomach, intes-
tine, and many other organs.[9] In addition, the bacteria in
aqueous environments can transform inorganic mercury into
methylmercury, which can accumulate in seafood and then
enter the food chain,[10–14] once absorbed into the human
body, methylmercury results in several serious disorders includ-
ing sensory, endocrine, and neurological damage[15] with acute
and chronic toxicity. Therefore, concerns over toxic mercury
have motivated us to develop highly selective and sensitive
methods to monitor mercury, it is especially useful in making
mercury visible in living cells and particularly organisms.


Current methods for detecting mercuric ions, such as atomic
absorption/emission spectroscopy[16] and inductively coupled
plasma mass spectrometry,[17,18] display high sensitivity and se-
lectivity and are usually used for quantitive analysis. However,
these assays are not suitable for monitoring mercury in vivo.
Compared with the above techniques, the fluorescent method
is a powerful tool in cell biology because of its generally non-
destructive character and high sensitivity and specificity. More-
over, fluorescence microscopic imaging techniques can map
the temporal and spatial distribution of mercuric ions within
living cells. Recently, many fluorescent probes for Hg2+ detec-
tion have been developed (that is, using small organic mole-
cules,[19–25] DNAzymes,[26,27] protein,[28,29] gold nanoparticles,[30–32]


and oligodeoxyribonucleotide-based probes[33]), but only few
Hg2+ imaging studies have been reported.[34–36] Liu[34] and
Chang[35] applied the mercury sensor to cultured HEK cells sep-


arately, and Shin et al.[36] presented a rhodamine-based probe
and obtained fluorescence images in living cells and zebrafish.


Near-infrared region (NIR) around 650–900 nm, where only a
few classes of molecules exhibit absorption, and they do not
contribute to the fluorescence signal, is an area of low back-
ground fluorescence interference in biological systems.[37] The
feature of the particular spectral region make the NIR probe
more suitable for intracellular fluorescent imaging. In addition,
near-infrared light can penetrate more deeply into tissues,
which is of great importance to study living organism imaging.
For example, Nagano et al. reported two NIR probes used to
monitor zinc[38] and NO[39] respectively, and previously, we de-
veloped a NIR probe for detecting zinc in macrophage cells.[40]


However, there are only a few NIR fluorescent probes for imag-
ing mercuric ions. Wong et al.[41] have reported a NIR probe for
mercuric ions based on fluorescence quenching, however this
probe cannot be applied in cells to visualize Hg2+ . Thus, it is
appealing to develop NIR probes to detect Hg2+ in living cells,
and particularly, organisms.


Herein, we reported the synthesis and properties of a novel
NIR probe DMA-Cy for imaging Hg2+ , based on a photoin-
duced electron transfer (PET) quenching mechanism.[42–44] We
selected tricarbocyanine with two propyl groups as the NIR
ACHTUNGTRENNUNGfluorophore. The near-IR excitation and emission profiles of tri-
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A new mercury(II) near-infrared region fluorescent probe 3,9-
dithia-6-monoazaundecane-tricarbocyanine has been designed
and synthesized. It consists of two functional moieties: the tricar-
bocyanine performs as the near-infrared region fluorophore, and
the 3,9-dithia-6-monoazaundecane acts as the selected binding
site for metal ions. The near-IR excitation and emission profiles of
the probe can minimize cell and tissue damage and avoid native
fluorescence from natural cellular species. It exhibits fluorescence


increase upon the binding of the Hg2+ based on the inhibition of
the photoinduced electron transfer quenching mechanism. Excel-
lent sensitivity and selectivity for mercuric ions are observed with
this probe. The value of the system is demonstrated by its use in
monitoring the real-time uptake of Hg2+ within HepG2 cells and
five day old zebrafish. The synthesis and remarkable properties of
it help to extend the development of metal ions fluorescent
probes for biological applications.
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carbocyanine can limit photodamage to biological samples
and avoid autofluorescence from native cellular species. 3,9-
dithia-6-monoazaundecane (DMA) is chosen as the metal re-
ceptor[25,45–47] because of its high selectivity toward Hg2+ . We
synthesized DMA-Cy and characterized it by 1H NMR, 13C NMR,
and mass spectrometry. The probe can respond fast to mercu-
ric ions in aqueous solution. Job plot analysis reveals that
DMA-Cy forms a 1:1 stoichiometry complex with mercury. Ad-
ditionally, the probe displays a high selectivity for Hg2+ . Based
on its ideal chemical and spectroscopic properties, we have
demonstrated the value of the probe in HepG2 cells and five
day old zebrafish by confocal microscopy.


Results and Discussion


Design and synthesis of DMA-Cy


Our strategy for designing the probe 3,9-dithia-6-monoazaun-
decane-tricarbocyanine (DMA-Cy) is based on a photoinduced
electron transfer (PET) quenching mechanism. It consists of
two separate functional moieties: the tricarbocyanine with two
propyl groups performs as the NIR fluorophore, which had
been widely used in various fields and employed as fluorescent
labels in fluorescence imaging studies of biological mecha-
nisms because of its high quantum yield, large stokes shift,
and good biological compatibility, and the 3,9-dithia-6-mono-
ACHTUNGTRENNUNGazaundecane acts as the selective binding site for metal ions
ACHTUNGTRENNUNGbecause of its high selectivity toward Hg2+ . The vinyl chlorine
on the cyclohexane bridgehead of tricarbocyanine is reactive
and can be replaced by DMA, so the probe can be easily syn-
thesized with a one-step reaction under mild conditions
(Scheme 1).


Spectral properties of DMA-Cy


DMA-Cy was evaluated under buffered aqueous acetonitrile so-
lution (10 mm PBS, pH 7.40, 1% acetonitrile as co-solvent). The
fluorescence spectrum of DMA-Cy showed that lmax of excita-
tion and emission lie at 685 and 763 nm, respectively (Fig-
ACHTUNGTRENNUNGure 1), and as expected, the fluorescence intensity was very
low. The fluorescence quantum yield was 0.02, which was de-
termined in methanol in reference to rhodamine B (Ff =0.69 in
methanol).[40] The low quantum yield of the unbound probe re-
sulted from PET quenching of the tricarbocyanine emission by
the lone pair of the nitrogen atom. In the presence of Hg2+ ,
because of the inhibition of PET by co-ordination of mercury,


strong fluorescence was obtained immediately and there was
no evident change in the excitation and emission wavelength
(Figure 2). The fluorescence quantum yield increased to 0.12.


To determine the stoichiometry of the DMA–Cy/Hg2+ com-
plex, Job’s method was applied, keeping the sum of the initial


concentration of DMA-Cy and
Hg2+ at 4.00 mm, and changing
the molar ratio of [Hg2+]/ ACHTUNG-
TRENNUNG([Hg2+]+ [DMA-Cy]) from 0 to 1.
As shown in Figure 3, the inflec-
tion point was at 0.5, thus dem-
onstrating that DMA-Cy formed
a 1:1 stoichiometry complex
with mercury in solution. This is
consistent with the spectral
properties of DMA-Cy that theScheme 1. Synthesis of DMA-Cy.


Figure 1. Fluorescence spectra of DMA-Cy (2.00 mm).


Figure 2. Fluorescence responses of DMA-Cy (2.00 mm) to different concen-
trations of Hg2+ (0, 0.10, 0.20, 0.50, 0.80, 1.10, 1.40, 1.70, and 2.00 mm respec-
tively) in buffered aqueous acetonitrile solution (10 mm PBS, pH 7.40). Spec-
tra were obtained with excitation at 685 nm.
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fluorescence intensity increased greatly upon increasing Hg2+


and the increase stopped after 1 equiv of Hg2+ .
In the experiment, the pH of the medium has a great effect


on fluorescence intensity. One important observation was that
the relative fluorescence intensity was high and independent
of pH in the range of 7.00 to 7.80 (Figure 4), so pH 7.40 of


ACHTUNGTRENNUNGsimulated physiological conditions was selected. Besides,
KH2PO4-Na2HPO4 (pH 7.40) is a sensitive buffer system and has
often been used as buffer solution in biological systems, thus,
this phosphate buffer solution (10 mm) was chosen in our ex-
periments.


The fluorescence intensity was directly proportional to the
amount of Hg2+ . There was a good linearity between relative
fluorescence intensity and concentration of Hg2+ in the range
of 1.00J10�7


m to 2.00J10�6
m with 2.00 mm of DMA-Cy. The


regression equation was (F�F0)=21.75+451.92J [Hg2+] (J
10�6


m) with a linear coefficient of 0.9943 (Figure 5), and the


limit of detection (LOD) of the proposed method was 1.39
J10�8


m. This result demonstrated that the probe could detect
Hg2+ both qualitatively and quantitatively. The apparent disso-
ciation constant Kd was determined to be 7.90J10�7


m.
The ability of the probe to select biologically relevant metal


ions is an important requirement for biological applications. To
assess the selectivity of the method, the effect of other metal
ions was examined individually. An error of �5.0% in the rela-
tive fluorescence intensity was considered tolerable. The fluo-
rescence response of DMA-Cy (2.00 mm) to the presence of var-
ious metal ions and its selectivity for Hg2+ are shown in
Figure 6. K+ , Na+ , Ca2+ , and Mg2+ , which exist at high levels in
living cells, did not interfere even at high concentration. Be-
sides, DMA-Cy was also selective for Hg2+ over Mn2+ , Co2+ ,
Ni2+ , Cu2+ , Zn2+ , Cd2+ , Pb2+ , and Ag+ . This indicated that


Figure 3. Job plot of the complexation between DMA-Cy and Hg2+ .


Figure 4. Effect of pH values. The concentration of DMA-Cy was 2.00 mm,
Hg2+ was 0.50 mm.


Figure 5. A linear correlation between the relative fluorescence intensity and
the concentrations of Hg2+ .


Figure 6. The relative fluorescence intensity of DMA-Cy (2.00 mm) in pH 7.40
(10 mm PBS) to various metal ions. Light gray bars represent the addition of
the analytes: Ca2+ (1.5 mm) ; Mg2+ (0.25 mm) ; Zn2+ (25 mm) ; Mn2+ (50 mm) ;
Cu2+ (25 mm) ; Pb2+ (50 mm) ; Cd2+ (25 mm) ; Co2+ (50 mm) ; Ni2+ (50 mm) ; Fe2+


(50 mm) ; Ag+ (25 mm). Black bars represent the subsequent addition of
0.50 mm Hg2+ to the solution.
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the DMA-Cy was highly selective for Hg2+ over competing
metal ion analytes in aqueous solution because of its thioeth-
er-rich receptor.


Confocal fluorescence imaging experiments


In vivo detection of Hg2+ in cells : Because of its ideal chemical
and spectroscopic properties, DMA-Cy should be suitable to
detecting mercuric ions in living cells and organisms. To test
this proposal, we first applied the probe to HepG2 (human
cancerous liver cells) using confocal microscopy (Figure 7).


HepG2 incubated with DMA-Cy (2.00 mm) for 20 min at 37 8C
showed negligible fluorescence (Figure 7A). In contrast, DMA-
Cy-stained cells displayed fluorescence by the addition of
HgCl2 (2.00 mm) into the medium and incubation for another
20 min at 37 8C (Figure 7B), and brightfield image measure-
ment confirmed that the cells were viable throughout the
imaging studies (Figure 7C). On treatment of the cells with
1 equiv of the high affinity mercuric chelator, N,N,N’,N’-tetra (2-
picolyl) ethylenediamine (TPEN) for 20 min at 37 8C, the fluores-
cence decreased to baseline (Figure 7D). This on-off behavior
could be reversed by addition of another 1 equiv of Hg2+ . Con-
trol experiments demonstrated the probe bound to mercuric
ions reversibly.
In vivo detection of Hg2+ in zebrafish : The success obtained


within the cell experiments encouraged us to determine if the
probe could be used to detect Hg2+ in living organisms, so


in vivo detection in zebrafish was evaluated. Five day old ze-
brafish were first incubated with DMA-Cy (10.00 mm) in sea salt
water for 20 min at 28 8C, and then followed by addition of
1 equiv of HgCl2 for another 20 min at 28 8C after removal of
the remaining probe, the fluorescence images were acquired
(Figure 8). Taken together, the results of the confocal fluores-


cence microscope analysis showed that the probe should be
potentially useful for the study of the toxicity or bioactivity of
Hg2+ in living organisms.


Conclusions


In summary, we have described the chemical synthesis, proper-
ty analysis, and biological applications of 3,9-dithia-6-mono-
ACHTUNGTRENNUNGazaundecane-tricarbocyanine, which is a new type of tricarbo-
cyanine-based near-infrared region fluorescent probe for imag-
ing mercuric ions in biological systems. The near-IR excitation
and emission profiles of the probe can minimize the cell and


Figure 7. Confocal fluorescence images of Hg2+ in live HepG2 cells (Leica
confocal fluorescence microscope, 40J objective lens). A) fluorescence
image of HepG2 cells incubated with DMA-Cy. B) HepG2 cells incubated
with DMA-Cy, washed three times, and then further incubated with Hg2+ .
C) bright field image of HepG2 cells shown in panel B). D) DMA-Cy-supple-
mented cells pretreated with Hg2+ , then treatment with TPEN. Scale
bar=10 mm.


Figure 8. Confocal fluorescence images of Hg2+ in five day old zebrafish
(10J objective lens). Imaging was carried out after washing the zebrafish
with seawater (3J ). A) Fluorescence image of five day old zebrafish incubat-
ed with DMA-Cy (10.00 mm). B) Fluorescence image of five day old zebrafish
incubated with DMA-Cy, washed three times, and then further incubated
with Hg2+ . C) Bright field image of five day old zebrafish shown in (B).
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tissue damage and avoid native fluorescence from natural cel-
lular species. This probe responds to mercuric ions stoichio-
metrically, rapidly, and reversibly at room temperature and pro-
duces the strongly fluorescent product based on a photoin-
duced electron transfer (PET) quenching mechanism. Excellent
sensitivity and selectivity for mercuric ions are observed with
the probe. The value of the probe is demonstrated by its use
in monitoring the real-time uptake of mercuric ions in HepG2
cells and five day old zebrafish. So this system can be em-
ployed to detect Hg2+ in biological samples. The synthesis and
remarkable properties of it help to extend the development of
metal ions fluorescent sensors for biological applications.


Experimental Section


Synthetic materials and methods : Ethanethiol was purchased
from Sigma–Aldrich. Tricarbocyanine with two propyl groups was
synthesized in our laboratory. All other reagents and solvents were
purchased from commercial sources and of the highest grade.
1H NMR and 13C NMR spectra were recorded on a Brucker Avance
300 MHz. Mass spectral determination was made on an Agilent HP
1100 LC-MSD (U.S). Melting points were measured on a Yanaco
micro-melting point apparatus (Yanagimoto MFG Co., Kyoto,
Japan), Silica gel (100–200 mesh, Qingdao Haiyang Chemical Co.)
was used for column chromatography. Analytical thin-layer chro-
matography (TLC) was performed using GF254 silica gel (precoated
sheets, 0.77 mm thick, Taizhou Si-Jia Biochemical Plastic Company).


Synthesis of 3,9-dithia-6-azaundecane (DMA): The compound
was synthesized according to the literature[11] in a yield of 80%
and identified by 1H NMR (CDCl3 300 MHz): d=1.22 (t, 6H), 1.88
(s,1H), 2.52 (m, 4H), 2.70 (t, 4H), 2.81 (t, 4H).


Synthesis of 3,9-dithia-6-monoazaundecane-tricarbocyanine
(DMA-Cy): Tricarbocyanine (333 mg, 0.50 mmol) was dissolved in
anhydrous DMF (15 mL) in a round bottom flask, and then 3,9-
dithia-6-monoazaundecane (965 mg, 5.0 mmol) was added drop-
wise. The mixture was stirred at 68–70 8C under argon for 4 h with
progress monitored by TLC, followed by cooling to room tempera-
ture and added into ether (300 mL) with violent stirring. The vinyl
chlorine on the cyclohexane bridgehead of tricarbocyanine was re-
active and could be replaced by DMA, so the probe was easily syn-
thesized through a one-step reaction under mild conditions. The
obtained blue solid was filtered and dried under vacuum, then
ACHTUNGTRENNUNGpurified on silica gel chromatography eluted with ethyl acetate/
methanol (4:1, 123 mg, 30%). m.p.233.5–235 8C; 1H NMR of DMA-
Cy (CDCl3 300 MHz): d=0.88–0.96 (t, 6H), 1.26 (t,6H), 1.56–1.69 (t,
4H), 1.87 (t, 2H), 2.08 (d, 12H), 2.55 (m, 4H), 2.75 (t, 4H), 2.88–2.96
(m, 8H), 3.64–3.92 (t, 4H), 5.85–5.90 (d, 2H), 7.02–7.53 (m, 8H),
8.02 (d, 2H); 13C NMR of DMA-Cy (CDCl3 300 MHz): d=11.6, 14.7,
14.9, 22.4, 25.8, 25.9, 26.0, 26.1, 26.2, 28.7, 28.9, 29.6, 29.8, 41.6,
42.7, 47.4, 47.9, 48.3, 53.9, 54.2, 57.1, 109.6, 109.7, 122.0, 124.0,
124.3, 128.5, 128.6, 128.7, 140.2, 140.3, 142.6, 142.8, 162.9, 175.9;
ESI-MS calcd for=C44H62N3S2: 696.0 [M�I]� ; found 696.4.


Spectroscopic materials and methods : Ultrapure water
(18.2 MWcm) was purified by using an arium 611VF system with ul-
trafilter and UV lamp (Sartorius, Germany). The fluorescence spec-
tra and fluorescence intensity were measured on FLS-920 Edin-
burgh fluorescence spectrometer with a Xenon lamp and 1.0 cm
quartz cells at the slits of 2.5/2.5 nm. All pH measurements were
made with a pH-3c digital pH-meter (Shanghai Lei Ci Device
Works, Shanghai, China) with a combined glass-calomel electrode.


HepG2 cells were purchased from the committee on type culture
collection of Chinese academy of sciences. Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from Sigma. The images
were taken using a LTE confocal laser scanning microscope (Ger-
many Leica Co., Ltd) with objective lenses (J40, J10) and the exci-
tation wavelength was 635 nm.


Sample preparation : A stock solution (200.00 mm) of DMA-Cy was
prepared by dissolving in acetonitrile. Probe solutions (20.00 mm)
were prepared by diluting a stock solution of DMA-Cy with ultra-
pure water. Solutions of HgCl2 (20.00 mm), PBS (0.10 m) were pre-
pared with ultrapure water.


Fluorescence analysis : Into a 10 mL color comparison tube were
added solutions of DMA-Cy (20.00 mm, 1.00 mL), different concen-
trations of HgCl2, and PBS solution (0.10 m, 1.00 mL, pH 7.40) in
turn. After diluted to 10.00 mL volume with ultrapure water, the
mixture was equilibrated, and the fluorescence intensity was mea-
sured at lex/lem =685/763 nm against a reagent blank at the same
time. The excitation and emission slits were set to 2.5 nm, respec-
tively.


Staining of cell cultures and confocal fluorescence imaging :
HepG2 cells (human hepatocellular liver carcinoma cell line) were
maintained following protocols provided by the American type
tissue culture collection. Cells were seeded at a density of 105 cells
ml�1 in high glucose Dulbecco’s Modified Eagle Medium (DMEM,
4.5 g of glucose per L) supplemented with 10% fetal bovine serum
(FBS), NaHCO3 (2 gL�1) and 1% antibiotics (penicillin/streptomycin,
100 UmL�1). Cultures were maintained at 37 8C under a humidified
atmosphere containing 5% CO2. Cell imaging was carried out after
washing cells with PBS solution (pH 7.40) for three times.


Zebrafish were breed at optimal conditions in sea salt water and
kept at 28 8C. The five-day-old zebrafish were incubated with DMA-
Cy (10.00 mm) for 20 min at 28 8C. After washing with sea salt water
to remove the remaining sensor, the zebrafish were further incu-
bated with HgCl2 (10.00 mm) for another 20 min at 28 8C. Before
imaging, the fish were washed with sea salt water.
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